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Abstract: A growing number of evidences report that aging represents the major risk factor for
the development of cardio and cerebrovascular diseases. Understanding Aging from a genetic,
biochemical and physiological point of view could be helpful to design a better medical approach and
to elaborate the best therapeutic strategy to adopt, without neglecting all the risk factors associated
with advanced age. Of course, the better way should always be understanding risk-to-benefit ratio,
maintenance of independence and reduction of symptoms. Although improvements in treatment of
cardiovascular diseases in the elderly population have increased the survival rate, several studies are
needed to understand the best management option to improve therapeutic outcomes. The aim of
this review is to give a 360◦ panorama on what goes on in the fragile ecosystem of elderly, why it
happens and what we can do, right now, with the tools at our disposal to slow down aging, until new
discoveries on aging, cardio and cerebrovascular diseases are at hand.
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1. Introduction
Over the last century there has been a gradual increase in average life expectancy; in parallel,
there has been a rapid increase in diseases associated with aging such as degenerative, cardiovascular
and cerebrovascular diseases. The influence of age on cardiovascular and cerebrovascular diseases is
due not only to an increase in risk factors in the elderly but also by the independent and inevitable
effect of aging itself.
Knowledge of the mechanisms which rule aging in the cardiac and cerebrovascular systems is
essential to lay the foundation to change our perspective on the concept of aging no longer as a risk
factor that cannot be modified but rather as a modifiable risk factor.
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In fact, as a consequence of this perspective a new horizon on how to prevent and how to
postpone aging of cardiac and cerebrovascular system con be established, all in order to reduce
mobility, disability and health care costs. This research is driven by the idea that the goal is not only to
“add years to life but especially to give life to years” and this can only be undertaken by reducing both
the physical and cognitive disabilities.
2. Structural and Physiological Changes in Heart during Aging
The increase in heart weight is the first event that we can see during aging, with special regard to
left ventricular hypertrophy. Interestingly, this phenomenon is present even in healthy subjects with
no history of hypertension or other causes that may increase after-load. The increase in myocardial
thickness is due to an increase of cardiomyocytes size, whereas the overall number of cardiomyocytes
is decreased [1]. Collagen fibres undergo a process of thickening mostly because of an increase in focal
deposits and as a consequence to enhanced cross-linking between adjacent fibres [2].
Interestingly, a change in the hearts overall shape can be appreciated, shifting from an elliptical
form to a spheroid one, with an asymmetric hypertrophy of the interventricular septum in comparison
to the other walls [3]. Moreover, both the change of positioning towards right of the ascending aorta
and the protrusion in the interventricular septum is the basis for the reduction of the left ventricular
outflow tract [4].
These changes together have an important effect on cardiac wall stress and overall contractile
efficiency, above all for diastolic events. In an aging heart at rest, with preserved ejection fraction,
stroke volume, heart rate and systolic function seems to be unaffected by the strain of time [5].
The combined effects of the alterations in the shortening velocity and in the heart’s interactions
with the vasculature seem to find an equilibrium leaving the systolic function intact at rest. In fact,
research on healthy normotensive individuals and their left ventricular (LV) shortening fraction [6]
and radionuclide ejection fraction (EF) [7] showed an unaltered cardiac EF at rest (normal average
EF > 65%). Of course, this does not mean that the overall components of the cardiac systole are
unaltered. On the other hand, significant changes can be seen in the diastolic function in elderly
subject, with a para-physiological redistribution of the early diastolic filling volume into an increased
end-diastolic filling volume [8].
Other study show that an aging heart undergoes changes in cardiac responsiveness to both
pharmacologically and physiologically adrenergic stimuli, in fact heart rate and myocardial contractile
ability are unpaired in elderly subjects. As a consequence, the Frank-Starling mechanism is activated
by the left ventricle, allowing a marked increase in both end-diastolic and end-systolic volume, in order
to compensate cardiac output ensuring the metabolic needs no longer guaranteed by the contractile
capacity and chronotropic reserves of the aging heart. This cardiac compensation pattern allows
elderly subjects to perform vigorous exercises that may occur in everyday life. Obviously, the increase
in maximum cardiac output intensity is not as in the younger individuals, a reduction of 20–30%
in peak cardiac output in response to maximal effort can be seen in elderly [9]. In the elderly, the
physiological response to exercise is altered by the decrease in myocardial time of relaxation, reduction
in responsiveness to β-adrenergic stimuli and in overall pattern of relaxation resulting in a diminished
response to cardiac stress in terms of stroke volume and heart rate, losing the “suction” effect present in
the younger attributable to the increase in the isovolumetric relaxation due to higher heart rate [3,10,11].
On the other hand, it is important to note that the elderly heart at rest, as a result of the reduction
in the heart rate and with a consequent longer diastolic and systolic filling time, is able to maintain
both end-diastolic and end-systolic volume (although persisting the reduction in early diastolic filling
rate in favour of the later diastolic filling) [12]. Taken together, in the elderly these mechanisms
of compensation guarantee an adequate metabolic support at rest while uncovering an insufficient
cardiac functional reserve in response to maximal exercise in term adrenergic response, diastolic filling
time/rates and not to mention peak-filling rate at increased heart rate.
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The heart of an elderly subjects in relation to the above findings seems comparable to a younger
heart undergoing a treatment with β-blockers in terms of responsiveness to exercise [13].
Another milestone seems to be the lusitropic function of the aged heart, with the combination
of delayed relaxation as both cause and effect of enhanced duration of contraction in relation to
prolonged action potentials rather that to mere alterations in mechanical or myocardial properties [14].
The above-mentioned alterations clarify why elderly subjects are likely to develop diastolic heart. In
the elderly, the permanence of inotropic responsiveness to calcium ions rather than to digitalis has
brought about new clues on the reduction of the signalling process function thus indicating a new path
of study rather than focalizing only on the myocardial contractile capacity, however to confirm such
hypothesis more studies are needed [15].
As the heart ages the cardiac conduction system undergoes many changes such as progressive
fibrosis, accumulation of peri-sinoatrial node fat and calcification on the cardiac skeleton resulting in
an increase of resistance in the node area with a reduction of the electric signal propagation. After
age 60 the pacemaker cells undergo a pronounced decline in the number, resulting in a loss of 90% of
the pacemaker cells present in young adults [16]. The structural degeneration in the sinoatrial node
heavily affects the responsiveness to both sympathetic and parasympathetic stimuli of the aging heart,
bringing about a reduction of the normal heart rate at rest and a reduction to maximal heart rate
during exercise in the elderly [17]. Obviously, the alterations that occur to the sinoatrial node affect
the atrioventricular node, atrioventricular bifurcation and proximal left and right bundle branches as
well, as a result the risk of atrioventricular conduction block in the elderly greatly increases. The risk
of atrioventricular conduction block can be assessed by the P-R interval, which in the elderly settles
at a mean of 172 ms at age 60 while from age 20 to 25 it settles at a mean of 159 ms, confirming our
concerns [18].
Another important factor is the wall thickening of the LV in the elderly, which brings to a leftward
axis shift of the QRS axis [19] and unlike expectations to a decline of the R-wave and S-wave amplitudes,
which can be seen already by age 40 [20].
Although further studies are needed to find a clinical heart disease relation between
electrocardiography (ECG) and aging, worth noting is the increase in nonspecific ST-T alteration
which may shed light on the mechanisms that lay behind the arrhythmias in the elderly [21].
In agreement with previously report, the elderly present an increased susceptibility to supraventricular
arrhythmias such as atrial arrhythmias, atrial fibrillation, paroxysmal supraventricular tachycardia
and to ventricular arrhythmias mainly extra systole [6].
In fact, Atrial fibrillation (AF) has been found in approximately 3–4% of subjects older than 60,
a rate 10 time higher than the general adult population. In 1–2% of healthy individuals older than
65, as shown by twenty-four-hour ambulatory ECG monitoring studies on the elderly at rest, present
short bursts of paroxysmal supraventricular tachycardia (PSVT) [22,23].
Furthermore, with advancing age an exponential increase in Ventricular ectopic beats (VEBs) can
be highlighted up to an alarming level of 8% in patients above 70 that have been hospitalized [24].
In our clinical practice a significant amount of VEBs related to exercise can be seen in older male
adults with no apparent heart disease risk, thus leads us toward considering a correlation between
frequent and repetitive exercise-related VEBs and aging as a possible sign of suffering of the cardiac
conduction system in the elderly.
Of fundamental clinical importance is keeping in mind and recognizing the ECG abnormalities
that may lead to an increase in cardiovascular risk such as increased QRS voltage, Q waves, QT interval
prolongation and ST-T-wave abnormalities. In fact, these abnormalities are strongly predictive for
left bundle branch block and AF two of the greatest means of cardiac morbidity and mortality in
the elderly.
Moreover, another important process worthy of being considered is the aberrant handling of
Ca2+ and its electro-chemical gradient in the individual cardiomyocyte, which seems to be the main
key of arrhythmias. In reference to the aging heart, the reduction in the Ca2+ reuptake rate, due to
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SERCA2 protein levels down regulation and increase in Na/Ca2+ ion exchangers, seems to be the
trigger leading to transient increase of Ca2+ cytosolic levels and to a prolonged action potential and
rate of contraction. These changes in ion currents lead to a prolonged systole and diastole bringing
about an overall reduction in maximal heart rate in the elderly [25,26].
To prevent however spontaneous Ca2+ oscillations and thus arrhythmias, the cardiomyocytes
at first implement the L-type Ca2+ currents to increase the overall channel number in order to
induce a secondary effect of reduction of Ca2+ currents by the inactivation of the L-type channel
and by the reduction of the inward K1 current. The overall effect is a prolonged action potential
which brings to a consequent lusitropic effect due to the increase of the mean time permanence
of Ca2+ in the cardiomyocyte. However, the permanence of Ca2+ inside the cardiomyocytes
negatively affect the production of reactive oxygen species (ROS) increasing the lipid peroxidation of
polyunsaturated fatty acids (PUFAs) which ultimately react with protein sulfhydryl groups leading
to miss folding and altered protein conformation. [25]. In brief, due to alteration of intracellular Ca2+
compartmentalization/currents and to excitation/contraction uncoupling the cardiomyocytes in the
elderly have a decreased capability in tolerance and adaptation to stress leading to overall reduction of
cardiac efficiency resulting in arrhythmias [25,27].
The cardiovascular system, in response to acute stress, activates the adrenergic signalling causing
an increase in myocardial contractility and relaxation, increased heart rate, increased blood pressure,
reduced LV afterload and vasodilatation in working muscles allowing a greater blood flow.
Aging concerns negatively adrenergic signalling, thus the response of the heart and its components
to Adrenalin and Noradrenalin, with a reduction in both postsynaptic b-adrenergic signalling and
cardiovascular responses to b-adrenergic antagonist infusion leading to an insufficient increase in heart
rate, LV contractility and arterial blood flow [28].
Despite knowledge of several alterations of the adrenergic mechanisms, such as the presence of
elevated levels of sympathetic neurotransmitter in response to stress in the elderly [29], the mechanisms
remain unclear. Regarding the probable compensatory increase of catecholamine plasma levels in the
elderly as a response to functional decline, this is likely a way to make up for a reduction in cardiac
muscarinic b-receptor density. As far as the increase of the catecholamine plasma level itself it is maybe
due to a set of effect such as reduced plasma clearance, deficient nerve reuptake and increased spill
over from tissues [30].
In response to acute stress/exercise the elderly may reach the metabolic need to carry out the
job at task, whoever if the exercise is prolonged the abovementioned system of compensation will
contribute negatively bringing depletion, reduced release and spill over of the neurotransmitters
causing an utterly insufficient cardiac response.
Cardiac remodelling is one of the most interesting arguments in relation to clinical outcome in the
elderly. Much is yet to be discovered but many key clues have been identified such as the central role
of renin-angiotensin system (RAS), the effect of oxidative stress, the increase in ROS and its feedback
and the linking role between these and the nicotinamide adenine dinucleotide phosphate (NADPH)
oxidases [31].
Taking a deeper look into the effect of RAS signalling, studies have shown its ability to mimic
a growth factor which is activated by the stretch of the cardiomyocytes and fibroblasts in response
to an increased load enforced by the stiffened aged vasculature. The observable effect of the RAS
signalling coupled with angiotensin II (ANGII) and transforming growth factor beta (TGF-β), as seen
in vitro, is hypertrophy of the cardiomyocytes, increase matrix production and interestingly increase
in apoptosis [32].
ANGII is released in response to stretch [33] by fibroblast and cardiomyocytes in
an autocrine/paracrine manner, binding on its two receptors AT1 and AT2 it performs, directly
and indirectly, its role activating many transduction cascades such as the NADPH oxidase complex to
generate ROS, of which we will deepen later [34].
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3. Vascular Alterations during Aging
Just like the heart, with aging the vasculature and its two main components: the vascular
endothelium and the media arterial wall undergo several structural and functional changes. Recent
studies have underlined that the reduction in vasodilatory capacity of the vascular endothelium
is due to the loss of both vasodilator and vasoconstrictor homeostatic factors. The media arterial
wall component on the other hand undergoes to a slow decay with increase in calcium deposits,
accumulation of extracellular matrix and most of all hypertrophy which, greatly, influences the
increase of vascular stiffness in the elderly [35,36].
The most evident structural change is borne by the intima and the media of large arteries which
become elongated and tortuous with a thickened wall compensated by an enlargement of the arterial
lumen [37].
This reasoning also applies to the Aortic root which undergoes to a process of dilatation and
stiffening, as seen in echocardiographic studies in aging subjects [38], leading to an increase in afterload
and in heart pump stress in relation to the increased blood volume present in the proximal Aorta.
These overall great vessels alteration are the leading cause for LV hypertrophy compensation. Moving
deeper into aging vasculature, it is possible to notice that the endothelial dysfunction represents the
first step of vascular alterations [16]. In the elderly, we assist to a reduction of the elastin component
and to an increase of collagen component, that leads to an increase of media arterial wall stiffness
(especially in large vessels) and to a great undermining of the arterial distensibility linked to the elastin
ability to transfer the load of blood flow pulse wave throughout the media layers [39]. To guarantee
a structural continuity, collagen and elastin are usually kept together by enzymatic cross-linking,
however in the aged vasculature there is a shift toward irreversible non-enzymatic glycation-based
cross-linking. This mechanism perhaps arises from the need of the vasculature to stabilize the increased
fragmentation of the collagen fibres secondary to enhanced matrix metalloproteinase (MMP) activity
and from diminished response to mechanical fatigue in the elderly. Obviously, this not only further
contributes to arterial stiffness but it also activates an inflammatory stress response to advanced
glycation end products which establishes a vicious cycle [40,41].
The keystone of the impaired endothelial vasorelaxation is Nitric oxide (NO). On this regard,
several animal studies have shown an aged-related reduction in endothelial nitric oxide synthase
activity (eNOS) [42,43], which, leads to a decline in NO production and levels. This theory is confirmed
by human studies, in which, it has been demonstrated that in the elderly there is an important
reduction of NO bioavailability associated with a marked dysfunction of endothelial-dependent
vasodilatation [39]. To make matters worse, there is a frequent coexistence of cardiovascular
comorbidities such as hypertension, hypercholesterolemia and atherosclerosis which further negatively
affect endothelial dysfunction [44].
As discussed so far, impaired endothelial vasodilatation is always followed by arterial stiffness,
thus indicating a connection between endothelial dysfunction and these arterial alteration [45].
Endothelial dysfunction is also correlated with microvascular dysfunction in the aging [46], which
seems to be a promoting factor of increased blood pressure, large arterial stiffness and small artery
remodelling, all factors leading to multi organ damage in the elderly [47].
A contributing factor to endothelial dysfunction in the elderly is the reduced turnover of the
endothelial cells, which are fundamental for operating integrity, maintenance and regeneration.
This lack ultimately leads to reduced operating integrity in terms of vasodilatation/contraction and
reduced capacity in re-endothelialisation of injured arteries [48,49]. This can be highlighted by the
decreased number and malfunction in proliferation and migration of the endothelial progenitor cells
(EPCs) in human studies [50]. Furthermore, there seems to be a correlation between aging, large and
small artery elasticity and EPCs number and functions suggesting a link between aging, reduced
re-endothelialisation and functional and structural changes in aging vasculature [51,52].
Moreover, the age-related structural changes leading to a reduction of the ability of both large and
small arteries to enhance lumen promotes an impaired distensibility and increase in the pulse wave
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velocity and blood pressure [53,54]. The loss of the cushioning function of the Aorta and of the large
arteries is due to marked alteration in elastic-type arteries, diminished humoral regulation, reduced
nitric oxide-dependent vasodilatation and attenuation of vasodilator responses to B2-adrenoceptor
agonists [55–57]. Surprisingly, healthy aging subject in absence of clinical hypertension are also
subject to central arterial stiffening as shown in studies measuring pulse wave velocity (PWV) in
the elderly [58]. The main problem concerning the alteration of forward pulse wave is its return, as
in young adults it returns in diastole thus assisting coronary artery filling while in the elderly the
increase of pulse wave velocity returns in systole causing an increase in ventricle load and reduction
in coronary blood flow [59].
Interestingly, similar functional changes and biochemical pathways alterations can be seen in
atherosclerosis-free normotensive aging individuals and in atherosclerotic vessels which due to the
presence of plaques are just as stiff but have the further disadvantage of being prone to focal lesions
leading to vessel stenosis and plaque rupture not to mention chronic inflammation which however can
be augmented in normal aging vessels as well. From these assumptions, we can conclude that aging
and atherosclerosis are “two sides of the same coin” meaning that aging can be seen as a prodromal
stage of atherosclerosis disease and atherosclerosis as a form of accelerated arterial aging.
From an academic point of view, these two processes remain distinct in both origin and
progression, as aging does not unavoidably cause focal disease while Atherosclerosis surely will.
The objective of future research should however focus on finding and ultimately controlling the
genetic and/or the molecular mechanisms that define the switch from benign age-related changes to
pathological atherosclerotic degeneration [31,39,60].
Age-related hypertrophy and stiffness, discussed earlier, initiates a negative hemodynamic
feedback cycle leading to steady age-related increase in total peripheral resistance, Systolic and
pulse pressure.
These adverse phenomena are a strong stimulus of further stiffness and hypertrophy of the media
arterial wall, even if its progression can be more or less fast in relation to coexisting comorbidities such
as atherosclerosis, dyslipidaemia, smoking and hypertension.
4. Decline of Endothelial Vasorelaxation during Aging
Age-dependent endothelial dysfunction is a multifactorial disease associated with vascular
endothelial cell deterioration [46]. The main consequence in elderly seems to be a reduction in
endothelium-dependent vasodilatations, thus increasing morbidity and mortality [61,62]. Studies, in
fact, have shown that maintaining vascular layer health is essential to reduce or at least slow down the
pathophysiological mechanisms [61,63], which set aging as an independent risk factor, even in absence
of other cardiovascular risk factors [64].
EDHF, alongside nitric oxide (NO) and prostacyclin, is one of the main factors for endothelial
vasodilation. EDHFs vasodilatation effect has been studied on the coronary arteries and on other
vascular regions in elderly humans [65] and so has been its age-related functional reduction in
aged rats. Interestingly, in rats age-related malfunction in EDHF-mediated vasodilation has been
prevented by administration of red wine polyphenols which led to a reduction in the expression of
calcium-activated potassium channels and to a greater responsiveness of the renin-angiotensin system
(RAS) [66,67]. Small-, intermediate and large-conductance calcium-activated potassium channels (SK,
IK and BK) seem to play an important role in age-related vascular dysfunction through a decline of the
hyperpolarizing responsiveness, as seen in aged rats’ coronary arteries under stress [68,69].
Other molecules, such as cyclooxygenases (COXs), are able to produce contractile/vasodilators
factors like TXA2 and prostacyclin and prostaglandin I2 (PGI2), respectively [70]. In the
elderly, this delicate equilibrium is disrupted, due to lost in prostacyclin endothelium-dependent
vasodilatation [71,72] and for increase in COX-derived vasoconstrictor factor, as seen in mesenteric
arteries [46], ultimately causing an increase in endothelium-dependent contraction. Much is yet to be
discovered on the possible double effect of prostacyclin as both an endothelial vasoconstrictor and
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vasodilator factor and on the age-related contribute of COX-1 and COX-2 on endothelial-dependent
vasoconstriction [73–75]. One thing is for sure as research deepens knowledge on this matter and that
is that the COX pathway is heavily influenced not only by protein expression but also by the molecular
interaction with the NO pathway which augments inflammatory state through increased production
of reactive oxygen species [76].
Literature shows how NO is one of the most important molecular factors for cardiovascular
health and longevity [77–79]. NO is produced by 3 different NO synthase isoforms: neuronal
NOS (nNOS or NOS-1), cytokine-inducible NOS (iNOS or NOS-2) and endothelial NOS (eNOS
or NOS-3). However, eNOS is the only membrane associated isoenzyme and as such it is involved in
regulating vasodilatation in response to sheer stress from increased arterial blood flow. Even if in aged
endothelium eNOS expression changes seems to be unclear [43,80–82], there is no doubt about eNOS
activity reduction [83], leading to a diminished NO regulation. An important Domino effect to keep in
mind is the reduction in Nitric oxide bioavailability [84]. In fact, increased pro-inflammatory activity
and increased chronic oxidative stress, at the root of NO bioavailability reduction, is a consequence
of an overall increase in superoxide production probably due to reduced tetrahydrobiopterin (BH4)
availability and eNOS uncoupling [85–88].
Oxidative stress is a pathological condition caused by disequilibrium between reactive oxygen
species (ROS) production and elimination. ROS are normally produced in a regulated fashion with
a basal rate by oxygen reduction processes mediated in the mitochondrial membrane, biochemical
combination of two molecules of superoxide anion (formatting hydrogen peroxide) and by reactions
of metal ions and hydrogen peroxide (forming hydroxyl radicals) [89]. ROS physiologically are cell
signalling initiators which interfere with post-translational cellular protein folding and redox activation
and inhibitor mediated by transcriptional factors [89].
ROS disequilibrium, as a result of both physiological and pathophysiological stimuli, generates
accumulation of damaged/misfolded proteins, inflammation, increased mutagenesis and most of all
increased endothelial senescence and dysfunction [90].
ROS mediated endothelial senescence and dysfunction seems to be coupled with NO production
and signalling and with telomerase alteration both in a direct and indirect way [91]. This may be
explained by the close relationship laying behind aging, telomerase shortening and the systems of
apoptosis and repair in the endothelial cells [92–96].
Aging vascular walls are susceptible to ROS mediated damage [97]. ROS seems to diminish NO
endothelium-dependent relaxation because of superoxide high reaction rate with NO, resulting in a NO
activity reduction. Moreover in aging, concentration increase in superoxide levels has been shown to
increase reaction rate bringing about a significant biological endothelial damage and dysfunction [98].
ROS reaction with NO generates peroxynitrite (ONOO−), which can easily penetrate the cell
membrane and due to its high reactivity has been shown to bring to macromolecular, lipid and DNA
oxidation associated with aging and premature aging [99,100]. The big problem is however that
peroxynitrite (ONOO−), a sign of clear NO availability and action reduction, seems to be a ROS
production promoting factor, thus establishing a vicious cycle [101].
Many human studies on vessels have underlined an age-related increase in oxidative stress
markers and a contemporary reduction in endothelium-dependent dilation in relation to the young [85].
Furthermore, an increase in superoxide production in aging arterial walls and a reduction in NO
availability seems to be a determining factor in longevity, meaning that an increase oxidative stress
resistance and a decreased vascular ROS production could be the keystone to a healthier and longer
life, of course more studies are needed [46].
ROS, NO production and the inflammatory pathway appear to have a linking bond in aging
vasculature in both a direct remodelling effect and an indirect long-term impact which can be remarked
in increased vascular smooth cell expression of MMP-2 and MMP-9 due to increase of NADPH oxidase
and mitochondria ROS production.
Int. J. Mol. Sci. 2018, 19, 481 8 of 31
The devastating effect of these reactive molecules finds its evidence in improved NO-dependent
endothelial vasodilation after superoxide withdrawal [46]. Furthermore, in the elderly oxidative stress
withdrawal and SOD enhancement appear to be independent protective factor in subject with or
without concurrent cardiovascular risk factors (CVRF) [64].
5. Sources of Oxidative Stress and Vascular Aging
The main enzymatic systems of ROS production in human vasculature are NADPH oxidases,
uncoupled NO synthase and the mitochondrial respiratory chain [101–103].
The superoxide anion (O−) is the main free radical produced from electron leaks in the electron
transport system in the mitochondria [104]. It is rapidly converted into hydrogen peroxide (H2O2)
through the enzyme superoxide dismutase (SOD1, SOD2, SOD3). The H2O2 can in turn react with
metals in reduced intermediate phase through the Fenton reaction and produce a highly reactive free
radical, namely hydroxyl radical (OH−) [105,106]. Mitochondrial ROS contribution to the aging process
is massive [107,108] and its load can worsen in conditions of inefficient nutrient oxidation causing both
arterial stiffness, diminished endothelial vasodilation and increased endothelial apoptosis rate [109].
Based on the mitochondrial theory of aging, ROS produced via mitochondrial respiration attack
mitochondrial constituents [110]. In particular, accumulation of oxidant-induced somatic mutations in
mitochondrial DNA (mtDNA) is believed to be the underlying cause of the decline in physiological
function with age. Since the heart is an organ with high aerobic metabolism, the role of mitochondria
is most important. In fact, cardiac tissue is more sensible to oxidative damage [111]. On this regard,
some evidences revealed that cardiac mitochondrial DNA undergo to major damage during aging
since cardiomyocites have a reduced ability to produce antioxidant defence compared to other cell
types. The best evidence that mitochondrial ROS exert a fundamental role in cardiac protection has
been demonstrated in mCAT (mitochondria catalase) transgenic mice, showing that these mice had
18% of lifespan prolongation compared to their littermates [112].
Furthermore, mitochondrial ROS in its cross-linking with the inflammatory pathway exerts a lead
role in activating transcription factors, like NF-κB and AP-1 [113]. Recent studies have demonstrated
that mitochondria-derived ROS, produced during inflammatory status, lead to a severe vascular
dysfunction. This effects seems to be mediated by a downregulation of Nrf2 pathway thus promoting
a reduction of antioxidant defence against oxidative stress [114], reducing nitric oxide bioavailability,
increasing production of vasoconstrictors like endothelin-1 and activating many proinflammatory
genes [115]. Based on these data, it is clear that mitochondrial ROS signalling is implicated in the
regulation of vascular tone and that its excessive production leads to a disruption of normal ROS
signalling and mitochondrial dysfunction, which contribute to the pathogenesis of vascular disease.
ROS generated from NADPH oxidases (NOX) plays an important role in age-related free radical
production [116]. There are seven NOX types that oxidize reduced coenzyme NADPH producing the
oxidized form NADP+ and H2O2.
These transmembrane enzymes deliver electrons to oxygen NADPH one at a time, through
a flavoprotein and cytochrome associated with it, so the initial product of the reaction is the univalent
derivation of the oxygen reduction of, the superoxide anion, O−. The superoxide can then reach the
cytoplasm through anion channels or be quickly turned into hydrogen peroxide diffusing through
membranes [117–123].
Age-related NADPH oxidase-derived ROS endothelial dysfunction is suggested by new findings
on human mesenteric micro-vessels in which increased expression of the NOX-4 subunit of NADPH
oxidase and improved endothelial vasodilation after NADPH oxidase inhibition with apocynin was
proven [46].
The NOS uncoupling phenomenon is the consequence of NOS activation in absence of either
L-arginine or BH4, eNOS causing superoxide production [77,124]. eNOS seems to play an important
role in aging process due to increased ROS production [125].
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In fact, supplementation of BH4 with a correspondent enhancement of the intracellular levels of
BH4 has been shown to prevent NOS uncoupling and improve endothelial function in healthy elder
subjects [46]. Same is true in healthy elder subjects treated with oral administration of L-arginine [126].
Arginase also seems to play a decisive role in reduction of NO synthesis by degrading L-arginine,
thus decreasing substrate availability for eNOS [127]. The logical consequence of this argument was
supported by improved endothelial function and arterial compliance in aging vasculature secondly to
upregulation of arginase [128].
Interestingly, both eNOS and iNOS are subject to uncoupling in absence of the same
substrates [129].
Different ROS sources appear to be working in synergy in contributing to vascular aging.
Mitochondrial ROS, activation of NADPH oxidases and uncoupling of NOS establish between one
another a positive feedback causing an overall increased concentration of ROS [130]. This intricate
system of cross-talk can be seen as a feed-forward cycle where mitochondrial ATP-sensitive potassium
channels (mitoKATP) are activated by superoxide and H2O2 [131,132], which in combination with
NADPH oxidase activity causes an increase in angiotensin II (AngII) mediated mitochondrial ROS
production [133], which to close the feed-forward cycle enhances mitoKATP [133].
Chronic low grade inflammation in aging seems to be the main factor contributing to increased
basal ROS rate production [44]. The combination in the elderly of ROS production increase and Chronic
low grade inflammation is featured by an enhanced boost plasmatic concentration of inflammatory
markers among which the most important are tumour necrosis factor alpha (TNF-α), interleukin
1beta (IL-1β), members of the super family of interleukin 6 (IL-6), as well as higher levels of
C-reactive protein (CRP) [134]. Interestingly, age-related inflammatory markers increase seem to
be an independent CV risk factor, accelerating arterial wall changes in terms of both stiffness and
endothelial dysfunction [135–137].
Focusing on age-associated vascular inflammation, one of the main mechanisms is represented by
NF-κB activation that leads to increased levels and activity of inflammatory factors such as TNF-α,
Interleukin (IL-1β, IL-2 and IL-6), chemokines (IL-8 and RANTES), adhesion molecules (ICAM and
VCAM) and enzymes (iNOS and COX-2) [138].
Starting from the top, age-related increase in IL-6 has been associated with both vascular
dysfunction and increased disability and mortality in the elderly, suggesting a direct correlation
between mortality in the elderly and IL-6 inflammatory mediate vascular dysfunction [139]. These
factors have also been directly correlated to age related arterial stiffening, due to CRP increase and to
arterial intima thickening, due to MCP-1 and matrix metalloproteinase overexpression [140–142].
Arterial wall aging is also accelerated by up-regulation of TNF-α, firstly for a direct effect as seen
on human coronary arteries [143] and secondly by an indirect effect due to its pro-inflammatory
and pro-endothelial dysfunction ability [144]. NADPH oxidase activation [145], endothelial
apoptosis [143], NOS uncoupling increase (upregulation of iNOS mRNA expression) [146], reduction
of endothelium-dependent dilations (down regulation of prostacyclin-mediated vasodilator and up
regulation of thromboxane A2) [46] have all been documented in aging human vessels as a consequence
to exogenous TNF-α administration.
A feed-forward cycle can be highlighted between ROS activation and the inflammatory state
in the elderly. The connecting link can be found in the ability of pro-inflammatory cytokines and
in general of local inflammation to upregulate MMPs activity in aging vessels contributing to ROS
production [147–149].
The NF-κB (“nuclear factor kappa-light-chain-enhancer of activated B cells”) is a protein complex
functioning as a transcription factor. NF-κB can be found in all types of cells and is involved in all the
cells reactions to stimuli such as stress, cytokines, free radicals.
NF-κB is the heterodimer formed by Rel proteins and p50 [150]. When it is in an inactivated state,
NF-κB is located in the cytosol, bound to an inhibitory protein IKB (such as IKBα) [128]. Through
the intermediation of the integral membrane receptors, a variety of extracellular signals can activate
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the enzyme IKB kinase (IKK) [137,151]. The IKK in turn phosphorylates IKBα protein leading to its
ubiquitination and degradation in the proteasome. In this way, NF-κB is made available.
The activated NF-κB is subsequently translocated into the nucleus where it binds to specific DNA
sequences known as response elements (RE). The complex DNA/NF-κB then invokes other proteins
such as coactivators and that the RNA polymerase transcribes the DNA into mRNA, which, finally, is
exported to the cytosol and translated into protein. This leads to a change in the functions of the cell,
such as the production of pro-inflammatory cytokines, proliferation, apoptosis and cellular aging [152].
NF-κB also activates transcription of mRNA coding for its inhibitory subunit IKB, thereby generating
a negative feed-back circuit.
By virtue of its ubiquity, increased activation of NF-κB was easily reported in human vessel aging,
highlighting its positive role in inducing gene expression leading to oxidative stress [146,153]. NF-κB
expression in endothelial cells undergoes an independent age-related increase developing endothelial
dysfunction [46,85].
The NF-κB factor is activated by TNF and by all its stimulating factors, seen earlier [154].
Particular significance, has been attributed to over production of Mitochondrial ROS in vascular
endothelial and smooth muscle cells due to the ability of its by-products, superoxide and H2O2, to
increase the gene expression of cytokines (TNF-α, IL-1 and IL-6), adhesion molecules (ICAM, VCAM)
and pro-inflammatory enzymes (iNOS, COX-2) resulting in accelerated senescence and endothelial
dysfunction [154,155]. At support, Evidence show an improved brachial artery flow-mediated dilation
in older humans in response to an increased NF-κB inhibitor expression [156].
The renin-angiotensin system (RAS) is a hormonal mechanism that regulates blood pressure,
the circulating plasma volume (blood volume) and the tone of the arterial musculature through
different mechanisms.
The primary control centre of the renin-angiotensin system is found in the juxtaglomerular
apparatus, where renin is produced and stored. Its biological effect acts on a plasma protein synthesized
by the liver, called angiotensinogen, transforming it into the decapeptide angiotensin I. This blood
protein is then transformed by a converting enzyme (called ACE, the Angiotensin Converting Enzyme)
in an octapeptide angiotensin II, the main bioactive product.
Angiotensin II (which is the most potent vasoconstrictor of our body) is responsible for the
aforementioned biological effects of the renin-angiotensin system, that is performed through interaction
with specific receptors (AT1 and AT2). Furthermore, Angiotensin II seems to have an endocrine, both
autocrine/paracrine, hormonal effect [157].
In the elderly, RAS signalling cascade factors in the arterial walls are strongly increased, above all
local ANGII concentration (1000 times higher than plasmatic level). Research shows how ANGII is
central in cellular and molecular arterial aging pathway [158,159].
6. Age-Related Cerebrovascular System Modifications
Cerebral autoregulation is a process which aims to maintain an adequate and stable blood flow
in the brain. While most of the body’s systems show a certain degree of self-regulation, the brain is
very sensitive to hyper- and hypo-perfusion, so cerebral autoregulation plays an important role in
maintaining adequate blood flow to that organ. The perfusion of the brain is essential for life since the
brain has a high metabolic demand, providing enough blood containing oxygen and nutrients to the
brain tissue. With aging cerebral autoregulation becomes impaired [160]. Response to blood pressure,
O2 tension, CO2 tension and cerebral metabolism in diminished due to microvascular alterations and
due to [160] uncontrolled hypertension [161], cardiac dysfunction [162] and smoking. These conditions
and aging may have a devastating impact on the cerebrovascular system.
The blood-brain barrier (BBB) is an anatomic-functional unit that has the primary protective
function, acting as a filter for the brains bloodstream. During aging, the ability of the BBB to selectively
uptake and transport nutrients and hormones through specific carriers is reduced as seen in aged
animals [163]. Moreover, age-related arterial wall endothelial alterations, such as thickening,
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distensibility reduction, apoptosis and glial proliferation as an inflammatory process, may play
an important role in BBB permeability dysfunction, leading to multi-infarct dementia (MID) and
neurodegenerative disease [164–166]. Essentially, BBB alteration in aging exposes brain to altered
metabolism and increased toxin exposure increasing brain cell vulnerability to acute insults such
as strokes.
The physiological mechanisms underlying vascular autoregulation of cerebral blood flow are
varied and aim at modulating the arteriolar tone to maintain a constant flow during variations of
cerebral perfusion pressure. In aging, reduced cerebral blood flow (CBF) is a determining factor for
CVD [167]. Moreover, many factors contribute, such as atherosclerosis, auto-regulatory dysfunction
and cardiac dysfunction [168]. Cerebral blood flow (CBF) reduction is age-proportioned and seem
to effect grey matter more than white, due to its higher metabolic rate [160,169]. A slight decrease in
age-related brain metabolic however does not balance supply-demand due to CBF reduction [167].
CBF dysfunction has been associated with MID to Alzheimer’s disease [170,171].
A topic for further vascular dementia research includes labile blood pressure, which the elderly
frequently has because of autonomic dysfunction, medication side effects and heart disorders [167]).
Further studies with blood viscosity, aging and dementia remain to be conducted [168].
The vascular autoregulation responsible for adjustments depends on the integrity of the
endothelium. With age this autoregulation is gradually decreasing because of degenerative alterations
of the vessel wall (atherosclerosis). If in fact the autoregulation is made difficult by the presence of
arterial atherosclerotic lesions, arterial stiffness and overall dysfunction. There is greater risk that
the blood flow decreases to “anoxic” levels for the non-adequate priming of changes in arteriolar
tone. Anaerobic glycolysis leads to lactate accumulation, decreasing pH levels in the brain, causing an
acidotic state altering the excitability of neurons leading to a loss of autoregulation [172]. Changes in
the brain metabolism may generate free radicals and promote influx of calcium and sodium into cells
furthering cell injury and death. Free radicals may damage the phospholipids of the cell membrane.
In conclusion, aging appears to affect resistance to ischemia and brain metabolism but more
studies are needed to confirm such hypothesis.
7. Brain Stroke
Stroke is a vascular disease that affects brain function and produces a large number of symptoms.
It is related to an interruption of the blood flow to the brain tissue, due to the closing or breaking of
cerebral artery. In the elderly population, the incidence of stroke is between 20% and 35% but stroke is
not just a disease of the elderly [173].
In the Ischemic Stroke, due to the closure of a cerebral artery, the brain cells that were previously
fed by that specific artery suffer from the lack of nutrients that occurs in the infarcted area and undergo
death. Cerebral ischemia represents 85% of all cases of cerebral stroke. An artery may quit because
inside a clot (“thrombus”) is formed and goes to permanently close an irregularity of the artery wall
itself (the atheromatous plaque): also, known as cerebral thrombosis; or because the artery is reached
by parties of clots from afar (“emboli”); usually emboli come from the heart or from atherosclerotic
plaques of the arteries that carry blood to the brain: in the latter case, we speak of cerebral embolism.
While, the haemorrhagic Stroke is due to rupture of a cerebral artery, for this reason it is known
also as cerebral haemorrhage. It represents 15% of cases of cerebral stroke. The most frequent cause is
hypertension, which determines the breaking of normal or malformed vessels.
Worldwide, every year, 15 million people are affected by stroke, nearly 6 million die. Throughout
the Western world, stroke is the cause of 10–12% of all deaths per year, it is also the leading cause
of disability and the second leading cause of dementia and loss of independence. Because of its
high incidence, cerebral stroke is a welfare problem and social rehabilitation is an issue of enormous
proportion [174]. It is well-known that some intrinsic risk factors cannot be changed: for example,
age, sex, family history. Others can be modified, among them most important are: hypertension,
heart disease, diabetes, transient ischemic attack (TIA), smoking and obesity. Moreover, as mentioned
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before, another important risk factor not to be underestimated, is the atrial fibrillation, abnormal heart
rhythm that causes more than 20% of stroke. On this regard, it has been demonstrated that a healthy
lifestyle and a proper diet reduces the risk of stroke and help the medications to control the pressure,
cholesterol and blood sugar levels. If the risk of stroke is related to the presence of an atherosclerotic
plaque blocking the carotid artery, the surgical removal of plaque may significantly reduce the risk of
a new, more serious stroke in most cases [175].
In addition to the therapies used in an emergency, in addition to physiotherapy, there are several
drugs given to prevent stroke or its recurrence. The drugs used for the Stroke prevention are of different
types. For example, earlier antiplatelet therapy, anticoagulant therapy and reasonable antiarrhythmic
therapy are the milestone of pharmacologic intervention. Moreover, as has been shown, 3 out of 4
strokes could be avoided by simple accurate early diagnosis and treatment of AF [176,177].
Cerebral haemorrhage consists of bleeding within the brain with blood pouring into the tissues
that compose it. It is caused by the rupture of a cerebral blood vessel, typically an artery, as a result of
both physical trauma or non-traumatic injuries. Cerebral haemorrhage can, for example, be caused by
severe head trauma or conditions, such as emboli or congenital malformations, which undermine the
resistance of cerebral vessels facilitating breakage. Even therapy with anticoagulant drugs, as well as
the coagulopathies and hypertension, may increase the risk of cerebral haemorrhage [178–180].
As expected, symptoms may vary depending on the haemorrhagic location and may appears
both suddenly or after some time from acute event. In addition, the onset of these symptoms may
progressively worsen or develop very quickly. As has been reported, this condition is life-threatening
and is a medical emergency: the accumulation of blood inside the skull can compress the delicate brain
tissue, restrict blood supply and bring a sudden increase in intracranial pressure, which can lead loss
of consciousness, coma or death. Some patients may even go into a coma before there are any signs of
neurologic alterations [181,182].
In Elderly, haemorrhagic events incidence is increased because of various vascular structural
alterations (aneurism, arteriovenous malformation), hypertension, amyloid deposits, increased cerebral
traumatic rate and lastly AF, which also contributes to both stroke and haemorrhagic conversion of
their stroke. It is well-known that the elderly ongoing to the vascular neurocognitive disorder (vascular
dementia), a form of cognitive impairment and the alteration of the cerebral blood circulation resulting
from acute events, such as a stroke or cerebral haemorrhage, or in chronic vascular diseases, such as
atherosclerosis. As in other types of dementia, also in this case the deterioration of specific intellectual
abilities depends on area were the degeneration of nerve cells in the brain takes place, determining
factor for neuronal damage [183]. In addition, in patients aged over 60, the risk of experiencing stroke
or chronic cerebrovascular disease and secondarily develop of vascular dementia are increased by the
presence of several cardiovascular diseases such as diabetes, hypertension, dyslipidaemias and heart
disease (history of heart attack infarction and atrial fibrillation) [184–188] (Figure 1).
Int. J. Mol. Sci. 2018, 19, 481 13 of 31
Int. J. Mol. Sci. 2018, 19, x FOR PEER REVIEW  12 of 30 
 
shown, 3 out of 4 strokes could be avoided by simple accurate early diagnosis and treatment of AF 
[176,177]. 
Cerebral haemorrhage consists of bleeding within the brain with blood pouring into the tissues 
that compose it. It is caused by the rupture of a cerebral blood vessel, typically an artery, as a result 
of both physical trauma or non-traumatic injuries. Cerebral haemorrhage can, for example, be caused 
by severe head trauma or conditions, such as emboli or congenital malformations, which undermine 
the resistance of cerebral vessels facilitating breakage. Even therapy with anticoagulant drugs, as well 
as the coagulopathies and hypertension, may increase the risk of cerebral haemorrhage [178–180]. 
As expected, symptoms may vary depending on the haemorrhagic location and may appears 
both suddenly or after some time from acute event. In addition, the onset of these symptoms may 
progressively worsen or develop very quickly. As has been reported, this condition is life-threatening 
and is a medical emergency: the accumulation of blood inside the skull can compress the delicate 
brain tissue, restrict blood supply and bring a sudden increase in intracranial pressure, which can 
lead loss of consciousness, coma or death. Some patients may even go into a coma before there are 
any signs of neurologic alterations [181,182]. 
In Elderly, haemorrhagic events incidence is increased because of various vascular structural 
alterations (aneurism, arteriovenous malformation), hypertension, amyloid deposits, increased 
cerebral traumatic rate and lastly AF, which also contributes to both stroke and haemorrhagic 
conversion of their stroke. It is well-known that the elderly ongoing to the vascular neurocognitive 
disorder (vascular dementia), a form of cognitive impairment and the alteration of the cerebral blood 
circulation resulting from acute events, such as a stroke or cerebral haemorrhage, or in chronic 
vascular diseases, such as atherosclerosis. As in other types of dementia, also in this case the 
deterioration of specific intellectual abilities depends on area were the degeneration of nerve cells in 
the brain takes place, determining factor for neuronal damage [183]. In addition, in patients aged over 
60, the risk of experiencing stroke or chronic cerebrovascular disease and secondarily develop of 
vascular dementia are increased by the presence of several cardiovascular diseases such as diabetes, 
hypertension, dyslipidaemias and heart disease (history of heart attack infarction and atrial 
fibrillation) [184–188] (Figure 1). 
 
Figure 1. Schematic representation of the major cardio- and cerebrovascular processes involved in the 
aging progression. 
8. Genetic Impact on Aging 
Based on different model organisms, such as yeast Saccharomyces cerevisiae, the nematode 
Caenorhabditis elegans and the Drosophila melanogaster have been identified several genes associated 
with longevity that seem to exert a protective action against the incidence of cardio- and 
cerebrovascular diseases. For this reason, several studies have focused the attention on the 
Figure 1. Schematic representation of the major cardio- and cerebrovascular processes involved in the
aging progression.
8. Genetic Impact on Aging
Based on different model organisms, such as yeast Saccharomyces cerevisiae, the nematode
Caenorhabditis elegans and the Drosophila melanogaster have been identified several genes associated with
longevity that seem to exert a protective action against the incidence of cardio- and cerebrovascular
diseases. For this reason, several studies have focused the attention on the characterization of the
pathways recruited by these genes and its possible role in the regulation of longevity in animal models.
In humans, the exceptional longevity is a complex trait. Long-living individuals have delayed aging
and a low incidence of vascular diseases. Thus, the aim of the scientific community in the last years
was been to evaluate the possible role of the candidate-genes in cardio and cerebrovascular diseases
in human.
8.1. Sirtuins
The well-known evolutionary conserved enzymes, that act as deacetylases and ribosyltransferases,
are represented by Sirtuins. Based on the different intracellular localizations it is possible distinguish in
mammalian 7 sirtuins, which participate to several cell functions such as DNA damage repair, cell cycle,
metabolic response to nutrient availability and protection from neurological degeneration [189–191].
SIRT1 is predominantly nuclear protein but it has been demonstrated that it is able to translocate rapidly
from nucleus to cytoplasm, depending on the cellular type and energy status of cell [190]. Recently,
several studies have observed that SIRT1 is able to regulate the AMPK pathway through deacetylation
of the liver kinase B1 (LKB1) [192]. Moreover, SIRT1 regulates the Insulin/IGF-1 pathway through
modulation of UCP2 expression and direct regulation of the IGF-1 signalling pathway [193,194].
Regarding the progress and development of cardiovascular disease, mice lacking SIRT1 gene show
greater injury following ischemia-reperfusion process and this injury is reduced in SIRT1 transgenic
mice [195].
Interestingly, non-physiological overexpression of SIRT1 (20 fold) in cardiomyocytes leading
to oxidative stress and apoptosis, while controlled overexpression of SIRT1 is able to delay
cardiomyopathies due to advanced age [196,197].
Several studies have investigated the possible role of SIRT1 in the modulation of blood pressure
and cardiac hypertrophy. On this regard, it has been demonstrated that SIRT1 regulates blood
vessel growth through a Notch signalling and inhibits angiotensin II-induced smooth muscle cell
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hypertrophy [198,199]. Arterial stiffness, another important cardiovascular risk factor is regulated by
SIRT1 preventing hyperphosphatemia-induced arterial calcification [200].
Between other sirtuins, SIRT2 and SIRT3 seem to be involved in the cerebrovascular homeostasis.
In fact, it has demonstrated that these two sirtuins exert a neuroprotective effects during cerebral
ischemia preventing neuronal death due to excitotoxicity [190]. In addition, it has been reported that
in SIRT3 knockout mice, there are age dependent hypertension and cardiac hypertrophy [201].
SIRT6 has been mainly characterized for its role in the cellular response to inflammation. Recently,
other studies have reported the ability of SIRT6 to control cellular senescence and aging though the
modulation of oxidative stress [202,203].
In a recent study, SIRT7 knockout mice develop cardiac hypertrophy and inflammatory
cardiomyopathy and are also characterized by an increase in fibrosis [204]. In detail, it has been
demonstrated that cardiomyocytes from SIRT7 knockout mice have decreased resistance to oxidative
stress and an increase in apoptosis.
Even though several beneficial functions of Sirtuins on cardiovascular system has been described,
the molecular mechanisms by which they exert the positive effect on CVD remain unknown, so many
questions remain to be answered regarding the protective levels of sirtuins.
8.2. Insulin-Like Growth Factors
The insulin-like growth factors (IGFs) are involved in the development and function of almost all
organs of the body [205]. IGF-1 was one of the initial genes to be identified as a longevity gene, since
the lifespan of C. elegans was greater when it lost IGF-1 [206] but in contrast, IGF-1 knockout mice die
shortly after birth [207]. Recently, it has been demonstrated that IGF-1 is able to act on the survival
and cells proliferation in vitro [208] and its action is mainly mediated by AKT, which has a pivotal
role in preventing programmed cell death by acting on the activity of several proteins involved in
the apoptotic cascade [209]. The IGF-1 effect is mediated by the binding with the specific receptor
IGF1-R. In fact, IGF-1 receptor null mice die postnatally due to respiratory failure [210]. To this regard,
it has been demonstrated that IGF1-R is a central regulator of mammalian lifespan, since the IGF1-R
heterozygous mice display greater resistance to oxidative stress, an important mechanism leading to
aging progression [211].
In the heart, the behaviour of IGF-1 is contrasting. In fact, in some experiments,
the overexpression of IGF-1 reduces cardiomyocytes death and prevents hypertrophy after acute
myocardial infarction [212]. In another experimental series, long term exposure of cardiac tissue to
IGF-1, leads to heart failure after cardiac ischemia/reperfusion [213,214]. Based on these data, IGF-1
exerts different effects based on the time of exposure and on the paracrine effects of IGF-1.
Despite the well know effects evoked by IGF-1 on the cardiovascular health, more studies
are needed to characterize the mechanisms recruited by IGF-1 and to clarify its different
tissue-specific actions.
8.3. Forkhead Box Proteins
FOX (Forkhead box) proteins are a family of transcription factors that play important roles in
regulating the expression of genes involved in several cells processes. FoxO transcription factors are
present in all eukaryotes. In mammals, there are four FoxO isoforms, including FoxO1, FoxO3A, FoxO4
and FoxO6 [215], that play a prominent role in regulating expression of genes involved in cell growth,
differentiation, proliferation and longevity [216].
Multiple stresses are able to promote nuclear translocation and activation of FoxO transcription
factor, which directs the transcriptional program controlling metabolism, longevity and stress
resistance. In cardiovascular field, it has been reported that the absence of FoxO1 promotes a cardiac
alteration and an impairment of vessels growth [217]. In a mouse model of myocardial infarction,
it has been demonstrated that upregulation of FoxO prevents cellular injury by activating pro-survival
factors, reducing heart size and incidence of heart failure [195]. The main FoxO isoforms in human
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endothelial cells are represented by FoxO 1 and FoxO 3a [218]. Both proteins are involved in the
regulation of eNOS expression. In fact, FoxO 1 or FoxO 3a deficiency led to a downregulation of eNOS
expression reducing new vessels formation and angiogenesis [218,219].
Although the role of FoxOs transcription factors in the cardiovascular system has been extensively
demonstrated, several studies are needed to understand the mechanisms through which FoxO s
modulate the cardiovascular function and the aging progression in different cell types.
8.4. Clock 1
Clock-1 (CLK1/MCLK1) is a mitochondrial enzyme necessary for the biosynthesis of ubiquinone
(coenzyme Q), the essential electron transporter of the mitochondrial respiratory chain [220,221]. It has
been demonstrated that Clock-1 functional alteration leads to a deregulation of several physiological
such as cell cycle, embryogenesis, post-embryonic development and significantly reduces life span in
C. elegans [222]. Interestingly, the phenotype of clk-1 mutants has attracted particular attention due to
its ability to increased life span [222]. On this regard, it has been shown that MLCK1 knockout, leads
to embryonic lethality in mice [223]. In addition, it has been demonstrated that MLCK1 heterozygous
animals have an increased lifespan, suggesting that MCLK1 levels exert an important anti-aging effect.
Moreover, although MCLK1 heterozygous mice have increased mitochondrial oxidative stress, this is
accompanied by decreased oxidative damage of cytoplasmic proteins. These finding provide a genetic
model that will help to clarify in the future the links between mitochondrial function and aging.
The effects of MCLK-1 have assessed just on cardiovascular system function and disease
progression. MCLK1+/− mutant mice have an enhanced resistance to cerebral ischemia/reperfusion at
all ages as showed by a low level of oxidative stress and cells damage [224]. Although the physiological
and molecular consequences of aging have been studied in detail, it has been difficult to establish
a direct causal relationship to life-span and MCLK1.
8.5. p66shc
The mammalian Shc locus encodes for three different isoforms of proteins carrying a Src-homology
2 domain that differ in their N-terminal region. p66shc has a unique N-terminal region which gives it
the function of a redox enzyme that has been implicated, respectively, in the cytoplasmic propagation
of growth and apoptogenic signals [225]. Accumulation of oxidative cellular damage, is actually
considered one of the major cause of ageing progression. On this regard, it has been demonstrated that
the mouse p66shc gene induces stress resistance and prolongs life span [226].
About the cardiovascular system, it has been demonstrated that the loss of p66shc inhibits
the degeneration of cardiac progenitor cells, protecting from apoptosis and necrosis thus reducing
heart failure damage [227]. Moreover, the ablation of p66shc protects from Angiotensin II–induced
hypertrophy and cellular death [228]. Also in the pathogenesis of atherosclerosis, loss of p66shc
protects vessels from oxidative stress damage [229].
Based on the results until obtained, genetic and biochemical investigation of the p66shc pathway
should lead to better understanding of the control mechanisms and relationships between ROS
metabolism, cellular survival and ageing process.
8.6. Klotho Gene
The Klotho gene, localized on chromosome 13 in human, since a long time is an anti-aging gene
because it has been demonstrated that mice deficient of Klotho show a premature phenotype and
a reduced lifespan, while overexpression of Klotho increases lifespan [230].
Klotho encodes a single-pass transmembrane protein composed by extracellular domain, a single
transmembrane domain and an intracellular domain. Until now, the main identified action of
membrane Klotho is about its function as co-receptor of fibroblast growth factor 23 (FGF23) to regulate
phosphate homeostasis [231,232]. Cheng L. et al. have demonstrated that PPARγ regulates vascular
smooth muscle cell calcification through the activation of Klotho [233]. While, another research
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team has demonstrated that the downregulation of Klotho is also involved in the modulation of
microalbuminuria in subjects with type 1 diabetes [234]. Recently, it has been reported that Klotho
proteins are expressed in human cardiomyocytes and in the sinoatrial node region, its level are
down-regulated in higher cardiovascular risk patients [235] and in the alteration of sinoatrial node
to function under stress [236]. Based on the data reported until now about the Klotho actions, it is
clear that several studies are needed to characterize the biochemical relationship between Klotho
and lifespan.
8.7. BubR1
The protein kinase BubR1 is a central component of the mitotic spindle assembly checkpoint
(SAC) [237]. About ten years ago it has been demonstrated that progressive reduction of BubR1
expression in mouse embryonic fibroblasts leading to cellular senescence [238]. Moreover, Bub3/Rae1
haplo-insufficient mice develop early aging-associated phenotypes in which the age runs much faster
than normal mice [239]. Investigating the vascular phenotype of mutant mice with low levels of
BubR1, mice result in phenotypic changes reminiscent of vascular aging in humans and suggest a role
for BubR1 in suppressing the vascular aging process [240,241]. Moreover, aging-related deficiency
of BubR1 and subsequent inability to modulate the reactivity to ROS lead to reduced proliferative
capacity of aged smooth muscle cells [242]. Interestingly, arterial wall thickness were reduced in
loss-of-BubR1 mice, with increased fibrosis and reduced elastic properties favouring the development
of cardiovascular diseases [240]. Recently, it has been demonstrated an important role of BubR1 in the
regulation of neuronal maturation, showing that during age-related cognitive disability the level of
this mitotic checkpoint kinase, decreases with natural aging inducing elderly features and alteration of
central nervous system [243].
Based on these results, BubR1 represents a gene with a huge potential to be investigated
to discover new possible therapeutic strategies to prevent cellular aging and cardio- and
cerebrovascular alterations.
8.8. Bactericidal/Permeability-Increasing Family B Member 4
Recent studies have shown that the rs2070325 mutation in the gene Bactericidal/Permeability-
increasing Family B member 4 (BPIFB4) is enriched in long-lived subjects of three independent
populations, recruited for the Southern Italian Centenarian Study [244], the German Longevity
Study [245] and the New England Centenarian Study [246]. BPIFB4 is an N-glycosylated protein
of 64 KDa belonging to Bactericidal Family Permeability Increasing Protein (BPI)/lipopolysaccharide
binding protein (LPB)/palate, lung and nasal epithelium clone (PLUNC) that also includes cholesteryl
ester Transfer Protein (CETP) and Phospholipid-transfer protein (PLTP). Expression analysis, have
identified the transcript corresponding to BPIFB4 in embryonic stem cells from mice, in the salivary
glands, in the testis, in the spleen, foetal heart, into the fabric bone, liver, pharynx mouse, in EPCs
(endothelial progenitor cells), in iPS (induced pluripotent stem cells generated from human fibroblasts)
in the mononuclear cells and in endothelial and smooth muscle cells.
Until now, the specific role of the protein was unknown. Recently our group has demonstrated
the ability of the variant BPIFB4 associated with longevity, to induce an improvement in vascular
reactivity in opposition to changes in age, restoring the endothelial function in older animals, by acting
on the activation of PKCα and eNOS [247,248]. Moreover, a recent publication has demonstrated that
the serum level of BPIFB4 are closely associated with health status of long living individuals [249]
corroborating its possible involvement in the anti-aging mechanisms.
Although are necessary many studies aimed at characterizing the molecular effects of the longevity
associated variant (LAV) of BPIFB4, the data collected, allow us to speculate on the possible therapeutic
use of LAV-BPIFB4 in the presence of eNOS dysfunctions that occur during the natural aging process.
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8.9. The Role of Telomeres in the Aging
Telomeres are specialized DNA-protein complexes located at both ends of eukaryotic
chromosomes [250]. Their major role is to prevent the recognition of chromosomal ends as
double-stranded DNA breaks, thus preserving genome integrity and stability. More evidences have
demonstrated that telomeres are highly sensitive to oxidative stress which rapidly accelerates the
cellular aging promoting the increase risk of cardiovascular diseases development [251]. In fact, it has
been demonstrated that the shorter telomere length was associated with hypertension, increased insulin
resistance and oxidative stress [251]. Moreover, another important parameter linked to telomeres
shortening is represented by cell senescence. Senescent-positive endothelial cells have been found
in atherosclerotic plaque and clearly cell senescence induced by telomere shortening contributes
to the development of and progression of atherosclerosis [252]. Patients with chronic heart failure
(CHF) have 40% reduced telomeres compared with age- and gender-matched controls and the degree
of telomere shortening is associated with the severity of disease. The same condition of telomeres
has been reported for the cerebrovascular diseases such as stroke and vascular dementia, in which
seems to be confirmed that the individual antioxidant capacity is an important factor in governing
telomere shortening rate, the adult telomere length and the progression state of the disease [252]. If the
accelerated telomere shortening is cause or consequence of cardio and cerebrovascular aging diseases
remains still unknown.
9. Conclusions
There is a large amount of evidence indicating that aging is the true new disease of the 21st century
that plays a crucial role in the development of neurodegenerative, cerebrovascular and cardiovascular
disorders. In particular, as described above, vascular aging encompasses such a wide and complex
range of phenomena both at functional and molecular levels that have been studied mainly as separate
branches in research, for this reason it is clear that the integration of these branches of research will
lead to a better understanding of the functioning of several physiological and pathophysiological
mechanisms in the elderly population and will help to improve the therapeutic approaches and
consequently the patients’ outcome.
Although still at an early stage, stem cells may be considered a fascinating new approach for
replacing the elderly damaged tissue. Research has shown the existence of resident cardiac stem cells
and their many homeostatic and repairing abilities [253]. These cells, like all the rest, undergo aging
and as such they lose their self-renewing ability ultimately leading to overall cardiac aging and as
mention before to a reduction of cardiac function [254,255]. Obviously, an intervention on these cells
such as their replacement/transplantation or enhancement through factor-based therapies could be
an innovative way to reduce overall cardiac aging. This reasoning can also be applied to endothelial
cells as research has shown the existence of endothelial progenitor cells which also have repairing
abilities and which health is associated with endothelial aging [254,256]. Acknowledged the great
potential of this new therapeutic frontier, we must also acknowledge that a greater understanding of
the biology behind stem cells, progenitor cells and behind the mechanisms that regulate aging and
rejuvenation are required.
Another interesting therapeutic option is antioxidant supplementation, of course this choice is
led by the logic assumption that an increase in antioxidant factors would reduce all the damages
that not only leads to aging but also accelerates the aging of the cardiovascular and cerebrovascular
system [257,258]. Among the main antioxidants used for therapeutic purpose we must mention:
vitamin C that acts through the inhibition of lipid peroxidation and through the regeneration of vitamin
E in cell membrane; vitamin E which on the other hand acts directly on oxygen radicals eradicating
their damaging effects; Carotenoids that act mainly by quenching singlet oxygen; and Resveratrol
which increases endothelial NO production. Although these antioxidants have been shown to reduce
levels of isoproterenol in both animal and human but there is still no current evidence that recommends
these supplements as a mean to prevent oxidation related aging [259]. This is mainly due to the lack
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in knowledge in the pathways and the pathogenesis that lead to the aging process and to the lack in
relationship between knowledge of the different antioxidant factors, their effects and a reliable marker
to assess their potential benefits.
Furthermore, although several genes involved in regulating the aging process have been identified
(Figure 2), several molecular mechanisms of age-associated vascular decline still remained unclear.
Based on the literature, the age-related vascular dysfunction seems to be the leading cause for the onset
of both cardio- and cerebral vascular diseases. Albeit, the characterization of the molecular mechanisms
and of the pathophysiological processes of cerebro- and cardiovascular diseases aging-related have
facilitated and improved the pharmacological approaches to several aging diseases in the future
researchers should identify and define new genetic polymorphisms able to predict the development of
structural and functional alterations of aging such as vascular, diastolic or sympathetic dysfunction
aiming to delay aging-related diseases as late as possible promoting a successful life.
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Figure 2. Schematic of the main genes involved in aging regulation and their related molecular
mechanisms in heart and vasculature. The green arrows indicate the increase in production/expression;
the red arrows indicate the decrease in production/expression.
Limitations: The real limit to the therapeutic intervention on aging is due to the lack in research
and detection. The lack in research is directly correlated to all the missing pieces of the aging process
from cellular processes such as replication, differentiation, apoptosis to the genetic and biochemical
mechanisms. By this we mean that, research in regard to aging is too often projected toward researching
diseases correlated with aging and not aging itself. In fact, the second limit is the detection of the
aging process, both in its development and in its therapeutic intervention. We have no actual way
to evaluate aging, no marker that directly relates to aging. Example of this is the use of anti-oxidant
supplementation for aging, of course we have an increased oxidative state in aging and obviously the
use of this supplementation betters the oxidative state of the elderly but it does not affect aging itself
and even if it did how could we know. These simply means that as of today we have therapies for
disease associated with aging but we have no therapy for the mechanism of aging itself and so we can
only hope to slow down aging by acting on the outskirts associated with it. As of today, we should
follow a double path, one on which we better the therapies associated with aging and one on which
we research aging itself and its markers.
In conclusion, we must continue to find the optimal therapies able to slow down aging and its
alterations, without neglecting biological studies on large populations to obtain concrete improvements
on treatment outcome. In the meanwhile, it is duty of the medical staff to guarantee the best and
up-to-date treatment for elderly patients.
Conflicts of Interest: The authors declare that there is no conflict of interest regarding the publication of this paper.
Int. J. Mol. Sci. 2018, 19, 481 19 of 31
References
1. Gerstenblith, G.; Frederiksen, J.; Yin, F.C.; Fortuin, N.J.; Lakatta, E.G.; Weisfeldt, M.L. Echocardiographic
assessment of a normal adult aging population. Circulation 1977, 56, 273–278. [CrossRef] [PubMed]
2. Olivetti, G.; Melissari, M.; Capasso, J.M.; Anversa, P. Cardiomyopathy of the aging human heart. Myocyte
loss and reactive cellular hypertrophy. Circ. Res. 1991, 68, 1560–1568. [CrossRef] [PubMed]
3. Hees, P.S.; Fleg, J.L.; Lakatta, E.G.; Shapiro, E.P. Left ventricular remodeling with age in normal men versus
women: Novel insights using three-dimensional magnetic resonance imaging. Am. J. Cardiol. 2002, 90,
1231–1236. [CrossRef]
4. Goor, D.; Lillehei, C.W.; Edwards, J.E. The “sigmoid septum”. Variation in the contour of the left ventricular
outt. Am. J. Roentgenol. 1969, 107, 366–376. [CrossRef]
5. Rodeheffer, R.J.; Gerstenblith, G.; Becker, L.C.; Fleg, J.L.; Weisfeldt, M.L.; Lakatta, E.G. Exercise cardiac
output is maintained with advancing age in healthy human subjects: Cardiac dilatation and increased stroke
volume compensate for a diminished heart rate. Circulation 1984, 69, 203–213. [CrossRef] [PubMed]
6. Shimada, K.; Kawamato, A.; Matsubayashi, K.; Nishinaga, M.; Kimura, S.; Kuzume, O.; Chikamori, T.;
Yamada, M.; Takada, J.; Kitazumi, T.; et al. Normal and abnormal aging of cardiovascular system.
Nihon Ronen Igakkai Zasshi 1991, 28, 302–307. [PubMed]
7. Schulman, S.P.; Lakatta, E.G.; Fleg, J.L.; Lakatta, L.; Becker, L.C.; Gerstenblith, G. Age-related decline in left
ventricular filling at rest and exercise. Am. J. Physiol. 1992, 263, H1932–1938. [CrossRef] [PubMed]
8. Miller, T.R.; Grossman, S.J.; Schectman, K.B.; Biello, D.R.; Ludbrook, P.A.; Ehsani, A.A. Left ventricular
diastolic filling and its association with age. Am. J. Cardiol. 1986, 58, 531–535. [CrossRef]
9. Fleg, J.L.; O’Connor, F.; Gerstenblith, G.; Becker, L.C.; Clulow, J.; Schulman, S.P.; Lakatta, E.G. Impact of age
on the cardiovascular response to dynamic upright exercise in healthy men and women. J. Appl. Physiol.
1995, 78, 890–900. [CrossRef] [PubMed]
10. Spina, R.J.; Turner, M.J.; Ehsani, A.A. β-adrenergic-mediated improvement in left ventricular function by
exercise training in older men. Am. J. Physiol. 1998, 274, H397–H404. [CrossRef] [PubMed]
11. Tan, Y.T.; Wenzelburger, F.; Lee, E.; Heatlie, G.; Leyva, F.; Patel, K.; Frenneaux, M.; Sanderson, J.E.
The pathophysiology of heart failure with normal ejection fraction: Exercise echocardiography reveals
complex abnormalities of both systolic and diastolic ventricular function involving torsion, untwist,
and longitudinal motion. J. Am. Coll. Cardiol. 2009, 54, 36–46. [CrossRef] [PubMed]
12. Tarasov, K.V.; Sanna, S.; Scuteri, A.; Strait, J.B.; Orru, M.; Parsa, A.; Lin, P.I.; Maschio, A.; Lai, S.; Piras, M.G.;
et al. Col4a1 is associated with arterial stiffness by genome-wide association scan. Circ. Cardiovasc. Genet.
2009, 2, 151–158. [CrossRef] [PubMed]
13. Julius, S.; Amery, A.; Whitlock, L.S.; Conway, J. Influence of age on the hemodynamic response to exercise.
Circulation 1967, 36, 222–230. [CrossRef] [PubMed]
14. Lakatta, E.G.; Gerstenblith, G.; Angell, C.S.; Shock, N.W.; Weisfeldt, M.L. Prolonged contraction duration in
aged myocardium. J. Clin. Investig. 1975, 55, 61–68. [CrossRef] [PubMed]
15. Lakatta, E.G.; Yin, F.C. Myocardial aging: Functional alterations and related cellular mechanisms.
Am. J. Physiol. 1982, 242, H927–H941. [CrossRef] [PubMed]
16. Pugh, K.G.; Wei, J.Y. Clinical implications of physiological changes in the aging heart. Drugs Aging 2001, 18,
263–276. [CrossRef] [PubMed]
17. Craft, N.; Schwartz, J.B. Effects of age on intrinsic heart rate, heart rate variability, and AV conduction in
healthy humans. Am. J. Physiol. 1995, 268, H1441–H1452. [CrossRef] [PubMed]
18. Fleg, J.L.; Das, D.N.; Wright, J.; Lakatta, E.G. Age-associated changes in the components of atrioventricular
conduction in apparently healthy volunteers. J. Gerontol. 1990, 45, M95–100. [CrossRef] [PubMed]
19. Golden, G.S.; Golden, L.H. The “nona” electrocardiogram: Findings in 100 patients of the 90 plus age group.
J. Am. Geriatr. Soc. 1974, 22, 329–332. [CrossRef] [PubMed]
20. Harlan, W.R., Jr.; Graybiel, A.; Mitchell, R.E.; Oberman, A.; Osborne, R.K. Serial electrocardiograms: Their
reliability and prognostic validity during a 24-yr. Period. J. Chronic Dis. 1967, 20, 853–867. [CrossRef]
21. Mihalick, M.J.; Fisch, C. Electrocardiographic findings in the aged. Am. Heart J. 1974, 87, 117–128. [CrossRef]
22. Manolio, T.A.; Furberg, C.D.; Rautaharju, P.M.; Siscovick, D.; Newman, A.B.; Borhani, N.O.; Gardin, J.M.;
Tabatznik, B. Cardiac arrhythmias on 24-h ambulatory electrocardiography in older women and men:
The cardiovascular health study. J. Am. Coll. Cardiol. 1994, 23, 916–925. [CrossRef]
Int. J. Mol. Sci. 2018, 19, 481 20 of 31
23. Fleg, J.L.; Kennedy, H.L. Cardiac arrhythmias in a healthy elderly population: Detection by 24-hour
ambulatory electrocardiography. Chest 1982, 81, 302–307. [CrossRef] [PubMed]
24. Fisch, C. Introduction: Chronic ventricular arrhythmias—A major unresolved health problem. Heart Lung
1981, 10, 451–454. [PubMed]
25. Lakatta, E.G.; Sollott, S.J. Perspectives on mammalian cardiovascular aging: Humans to molecules.
Comp. Biochem. Physiol. A Mol. Integr. Physiol. 2002, 132, 699–721. [CrossRef]
26. Lakatta, E.G. Age-associated cardiovascular changes in health: Impact on cardiovascular disease in older
persons. Heart Fail. Rev. 2002, 7, 29–49. [CrossRef] [PubMed]
27. Lakatta, E.G.; Sollott, S.J.; Pepe, S. The old heart: Operating on the edge. Novartis Found. Symp. 2001, 235,
172–196; discussion 196–201, 217–120. [PubMed]
28. Lakatta, E.G. Cardiovascular regulatory mechanisms in advanced age. Physiol. Rev. 1993, 73, 413–467.
[CrossRef] [PubMed]
29. Lakatta, E.G. Deficient neuroendocrine regulation of the cardiovascular system with advancing age in
healthy humans. Circulation 1993, 87, 631–636. [CrossRef] [PubMed]
30. Esler, M.D.; Turner, A.G.; Kaye, D.M.; Thompson, J.M.; Kingwell, B.A.; Morris, M.; Lambert, G.W.;
Jennings, G.L.; Cox, H.S.; Seals, D.R. Aging effects on human sympathetic neuronal function. Am. J. Physiol.
1995, 268, R278–R285. [CrossRef] [PubMed]
31. Lakatta, E.G.; Levy, D. Arterial and cardiac aging: Major shareholders in cardiovascular disease enterprises:
Part ii: The aging heart in health: Links to heart disease. Circulation 2003, 107, 346–354. [CrossRef] [PubMed]
32. Cigola, E.; Kajstura, J.; Li, B.; Meggs, L.G.; Anversa, P. Angiotensin ii activates programmed myocyte cell
death in vitro. Exp. Cell Res. 1997, 231, 363–371. [CrossRef] [PubMed]
33. Sadoshima, J.; Xu, Y.; Slayter, H.S.; Izumo, S. Autocrine release of angiotensin ii mediates stretch-induced
hypertrophy of cardiac myocytes in vitro. Cell 1993, 75, 977–984. [CrossRef]
34. Cave, A.C.; Brewer, A.C.; Narayanapanicker, A.; Ray, R.; Grieve, D.J.; Walker, S.; Shah, A.M. NADPH
oxidases in cardiovascular health and disease. Antioxid. Redox Signal. 2006, 8, 691–728. [CrossRef] [PubMed]
35. Ungvari, Z.; Kaley, G.; de Cabo, R.; Sonntag, W.E.; Csiszar, A. Mechanisms of vascular aging: New
perspectives. J. Gerontol. A Biol. Sci. Med. Sci. 2010, 65, 1028–1041. [CrossRef] [PubMed]
36. Zieman, S.J.; Melenovsky, V.; Kass, D.A. Mechanisms, pathophysiology, and therapy of arterial stiffness.
Arterioscler. Thromb. Vasc. Biol. 2005, 25, 932–943. [CrossRef] [PubMed]
37. Virmani, R.; Avolio, A.P.; Mergner, W.J.; Robinowitz, M.; Herderick, E.E.; Cornhill, J.F.; Guo, S.Y.; Liu, T.H.;
Ou, D.Y.; O’Rourke, M. Effect of aging on aortic morphology in populations with high and low prevalence of
hypertension and atherosclerosis. Comparison between occidental and Chinese communities. Am. J. Pathol.
1991, 139, 1119–1129. [PubMed]
38. Farasat, S.M.; Morrell, C.H.; Scuteri, A.; Ting, C.T.; Yin, F.C.; Spurgeon, H.A.; Chen, C.H.; Lakatta, E.G.;
Najjar, S.S. Pulse pressure is inversely related to aortic root diameter implications for the pathogenesis of
systolic hypertension. Hypertension 2008, 51, 196–202. [CrossRef] [PubMed]
39. Lakatta, E.G.; Levy, D. Arterial and cardiac aging: Major shareholders in cardiovascular disease enterprises:
Part i: Aging arteries: A “set up” for vascular disease. Circulation 2003, 107, 139–146. [CrossRef] [PubMed]
40. Maruyama, Y. Aging and arterial-cardiac interactions in the elderly. Int. J. Cardiol. 2012, 155, 14–19. [CrossRef]
[PubMed]
41. Greenwald, S.E. Ageing of the conduit arteries. J. Pathol. 2007, 211, 157–172. [CrossRef] [PubMed]
42. Tschudi, M.R.; Barton, M.; Bersinger, N.A.; Moreau, P.; Cosentino, F.; Noll, G.; Malinski, T.; Luscher, T.F.
Effect of age on kinetics of nitric oxide release in rat aorta and pulmonary artery. J. Clin. Investig. 1996, 98,
899–905. [CrossRef] [PubMed]
43. Cernadas, M.R.; Sanchez de Miguel, L.; Garcia-Duran, M.; Gonzalez-Fernandez, F.; Millas, I.; Monton, M.;
Rodrigo, J.; Rico, L.; Fernandez, P.; de Frutos, T.; et al. Expression of constitutive and inducible nitric oxide
synthases in the vascular wall of young and aging rats. Circ. Res. 1998, 83, 279–286. [CrossRef] [PubMed]
44. Csiszar, A.; Wang, M.; Lakatta, E.G.; Ungvari, Z. Inflammation and endothelial dysfunction during aging:
Role of NF-κB. J. Appl. Physiol. 2008, 105, 1333–1341. [CrossRef] [PubMed]
45. Scuteri, A.; Tesauro, M.; Rizza, S.; Iantorno, M.; Federici, M.; Lauro, D.; Campia, U.; Turriziani, M.; Fusco, A.;
Cocciolillo, G.; et al. Endothelial function and arterial stiffness in normotensive normoglycemic first-degree
relatives of diabetic patients are independent of the metabolic syndrome. Nutr. Metab. Cardiovasc. Dis. 2008,
18, 349–356. [CrossRef] [PubMed]
Int. J. Mol. Sci. 2018, 19, 481 21 of 31
46. Rodriguez-Manas, L.; El-Assar, M.; Vallejo, S.; Lopez-Doriga, P.; Solis, J.; Petidier, R.; Montes, M.; Nevado, J.;
Castro, M.; Gomez-Guerrero, C.; et al. Endothelial dysfunction in aged humans is related with oxidative
stress and vascular inflammation. Aging Cell 2009, 8, 226–238. [CrossRef] [PubMed]
47. Laurent, S.; Briet, M.; Boutouyrie, P. Large and small artery cross-talk and recent morbidity-mortality trials
in hypertension. Hypertension 2009, 54, 388–392. [CrossRef] [PubMed]
48. Edelberg, J.M.; Reed, M.J. Aging and angiogenesis. Front. Biosci. 2003, 8, s1199–s1209. [CrossRef] [PubMed]
49. Williamson, K.; Stringer, S.E.; Alexander, M.Y. Endothelial progenitor cells enter the aging arena.
Front. Physiol. 2012, 3, 30. [CrossRef] [PubMed]
50. Tao, J.; Wang, Y.; Yang, Z.; Tu, C.; Xu, M.G.; Wang, J.M. Circulating endothelial progenitor cell deficiency
contributes to impaired arterial elasticity in persons of advancing age. J. Hum. Hypertens. 2006, 20, 490–495.
[CrossRef] [PubMed]
51. Thum, T.; Hoeber, S.; Froese, S.; Klink, I.; Stichtenoth, D.O.; Galuppo, P.; Jakob, M.; Tsikas, D.; Anker, S.D.;
Poole-Wilson, P.A.; et al. Age-dependent impairment of endothelial progenitor cells is corrected by
growth-hormone-mediated increase of insulin-like growth-factor-1. Circ. Res. 2007, 100, 434–443. [CrossRef]
[PubMed]
52. Heiss, C.; Keymel, S.; Niesler, U.; Ziemann, J.; Kelm, M.; Kalka, C. Impaired progenitor cell activity in
age-related endothelial dysfunction. J. Am. Coll. Cardiol. 2005, 45, 1441–1448. [CrossRef] [PubMed]
53. Roach, M.R.; Burton, A.C. The effect of age on the elasticity of human iliac arteries. Can. J. Biochem. Physiol.
1959, 37, 557–570. [CrossRef] [PubMed]
54. Van der Heijden-Spek, J.J.; Staessen, J.A.; Fagard, R.H.; Hoeks, A.P.; Boudier, H.A.; van Bortel, L.M. Effect of
age on brachial artery wall properties differs from the aorta and is gender dependent: A population study.
Hypertension 2000, 35, 637–642. [CrossRef] [PubMed]
55. Taddei, S.; Virdis, A.; Mattei, P.; Ghiadoni, L.; Gennari, A.; Fasolo, C.B.; Sudano, I.; Salvetti, A. Aging and
endothelial function in normotensive subjects and patients with essential hypertension. Circulation 1995, 91,
1981–1987. [CrossRef] [PubMed]
56. Egashira, K.; Inou, T.; Hirooka, Y.; Kai, H.; Sugimachi, M.; Suzuki, S.; Kuga, T.; Urabe, Y.; Takeshita, A. Effects
of age on endothelium-dependent vasodilation of resistance coronary artery by acetylcholine in humans.
Circulation 1993, 88, 77–81. [CrossRef] [PubMed]
57. Elliott, H.L.; Sumner, D.J.; McLean, K.; Reid, J.L. Effect of age on the responsiveness of vascular
α-adrenoceptors in man. J. Cardiovasc. Pharmacol. 1982, 4, 388–392. [CrossRef] [PubMed]
58. Vaitkevicius, P.V.; Fleg, J.L.; Engel, J.H.; O’Connor, F.C.; Wright, J.G.; Lakatta, L.E.; Yin, F.C.; Lakatta, E.G.
Effects of age and aerobic capacity on arterial stiffness in healthy adults. Circulation 1993, 88, 1456–1462.
[CrossRef] [PubMed]
59. Mitchell, G.F.; Parise, H.; Benjamin, E.J.; Larson, M.G.; Keyes, M.J.; Vita, J.A.; Vasan, R.S.; Levy, D. Changes
in arterial stiffness and wave reflection with advancing age in healthy men and women: The Framingham
heart study. Hypertension 2004, 43, 1239–1245. [CrossRef] [PubMed]
60. Lakatta, E.G. Arterial and cardiac aging: Major shareholders in cardiovascular disease enterprises: Part iii:
Cellular and molecular clues to heart and arterial aging. Circulation 2003, 107, 490–497. [CrossRef] [PubMed]
61. Toda, N. Age-related changes in endothelial function and blood flow regulation. Pharmacol. Ther. 2012, 133,
159–176. [CrossRef] [PubMed]
62. Matz, R.L.; Andriantsitohaina, R. Age-related endothelial dysfunction: Potential implications for
pharmacotherapy. Drugs Aging 2003, 20, 527–550. [CrossRef] [PubMed]
63. Virdis, A.; Ghiadoni, L.; Giannarelli, C.; Taddei, S. Endothelial dysfunction and vascular disease in later life.
Maturitas 2010, 67, 20–24. [CrossRef] [PubMed]
64. Angulo, J.; Vallejo, S.; El Assar, M.; Garcia-Septiem, J.; Sanchez-Ferrer, C.F.; Rodriguez-Manas, L. Age-related
differences in the effects of α and γ peroxisome proliferator-activated receptor subtype agonists on
endothelial vasodilation in human microvessels. Exp. Gerontol. 2012, 47, 734–740. [CrossRef] [PubMed]
65. Nakashima, M.; Mombouli, J.V.; Taylor, A.A.; Vanhoutte, P.M. Endothelium-dependent hyperpolarization
caused by bradykinin in human coronary arteries. J. Clin. Investig. 1993, 92, 2867–2871. [CrossRef] [PubMed]
66. Idris Khodja, N.; Chataigneau, T.; Auger, C.; Schini-Kerth, V.B. Grape-derived polyphenols improve
aging-related endothelial dysfunction in rat mesenteric artery: Role of oxidative stress and the angiotensin
system. PLoS ONE 2012, 7, e32039. [CrossRef] [PubMed]
Int. J. Mol. Sci. 2018, 19, 481 22 of 31
67. Goto, K.; Fujii, K.; Kansui, Y.; Iida, M. Changes in endothelium-derived hyperpolarizing factor in
hypertension and ageing: Response to chronic treatment with renin-angiotensin system inhibitors. Clin. Exp.
Pharmacol. Physiol. 2004, 31, 650–655. [CrossRef] [PubMed]
68. Carvalho-de-Souza, J.L.; Varanda, W.A.; Tostes, R.C.; Chignalia, A.Z. BK channels in cardiovascular diseases
and aging. Aging Dis. 2013, 4, 38–49. [PubMed]
69. Albarwani, S.; Al-Siyabi, S.; Baomar, H.; Hassan, M.O. Exercise training attenuates ageing-induced BKCa
channel downregulation in rat coronary arteries. Exp. Physiol. 2010, 95, 746–755. [CrossRef] [PubMed]
70. Qian, H.; Luo, N.; Chi, Y. Aging-shifted prostaglandin profile in endothelium as a factor in cardiovascular
disorders. J. Aging Res. 2012, 2012, 121390. [CrossRef] [PubMed]
71. Schrage, W.G.; Eisenach, J.H.; Joyner, M.J. Ageing reduces nitric-oxide- and prostaglandin-mediated
vasodilatation in exercising humans. J. Physiol. 2007, 579, 227–236. [CrossRef] [PubMed]
72. Nicholson, W.T.; Vaa, B.; Hesse, C.; Eisenach, J.H.; Joyner, M.J. Aging is associated with reduced
prostacyclin-mediated dilation in the human forearm. Hypertension 2009, 53, 973–978. [CrossRef] [PubMed]
73. Heymes, C.; Habib, A.; Yang, D.; Mathieu, E.; Marotte, F.; Samuel, J.; Boulanger, C.M. Cyclo-oxygenase-1
and -2 contribution to endothelial dysfunction in ageing. Br. J. Pharmacol. 2000, 131, 804–810. [CrossRef]
[PubMed]
74. De Sotomayor, M.A.; Perez-Guerrero, C.; Herrrera, M.D.; Jimenez, L.; Marin, R.; Marhuenda, E.;
Andriantsitohaina, R. Improvement of age-related endothelial dysfunction by simvastatin: Effect on no and
cox pathways. Br. J. Pharmacol. 2005, 146, 1130–1138. [CrossRef] [PubMed]
75. Shi, Y.; Man, R.Y.; Vanhoutte, P.M. Two isoforms of cyclooxygenase contribute to augmented
endothelium-dependent contractions in femoral arteries of 1-year-old rats. Acta Pharmacol. Sin. 2008,
29, 185–192. [CrossRef] [PubMed]
76. Kim, S.F.; Huri, D.A.; Snyder, S.H. Inducible nitric oxide synthase binds, s-nitrosylates, and activates
cyclooxygenase-2. Science 2005, 310, 1966–1970. [CrossRef] [PubMed]
77. Zhong, L.; D’Urso, A.; Toiber, D.; Sebastian, C.; Henry, R.E.; Vadysirisack, D.D.; Guimaraes, A.; Marinelli, B.;
Wikstrom, J.D.; Nir, T.; et al. The histone deacetylase SIRT6 regulates glucose homeostasis via HIF1α. Cell
2010, 140, 280–293. [CrossRef] [PubMed]
78. Tsutsui, M.; Shimokawa, H.; Otsuji, Y.; Ueta, Y.; Sasaguri, Y.; Yanagihara, N. Nitric oxide synthases and
cardiovascular diseases: Insights from genetically modified mice. Circ. J. 2009, 73, 986–993. [CrossRef]
[PubMed]
79. Dere, E.; de Souza Silva, M.A.; Topic, B.; Fiorillo, C.; Li, J.S.; Sadile, A.G.; Frisch, C.; Huston, J.P. Aged
endothelial nitric oxide synthase knockout mice exhibit higher mortality concomitant with impaired
open-field habituation and alterations in forebrain neurotransmitter levels. Genes Brain Behav. 2002, 1,
204–213. [CrossRef] [PubMed]
80. Sun, D.; Huang, A.; Yan, E.H.; Wu, Z.; Yan, C.; Kaminski, P.M.; Oury, T.D.; Wolin, M.S.; Kaley, G. Reduced
release of nitric oxide to shear stress in mesenteric arteries of aged rats. Am. J. Physiol. Heart Circ. Physiol.
2004, 286, H2249–H2256. [CrossRef] [PubMed]
81. Challah, M.; Nadaud, S.; Philippe, M.; Battle, T.; Soubrier, F.; Corman, B.; Michel, J.B. Circulating and cellular
markers of endothelial dysfunction with aging in rats. Am. J. Physiol. 1997, 273, H1941–H1948. [CrossRef]
[PubMed]
82. Briones, A.M.; Montoya, N.; Giraldo, J.; Vila, E. Ageing affects nitric oxide synthase, cyclooxygenase and
oxidative stress enzymes expression differently in mesenteric resistance arteries. Auton. Autacoid Pharmacol.
2005, 25, 155–162. [CrossRef] [PubMed]
83. Cau, S.B.; Carneiro, F.S.; Tostes, R.C. Differential modulation of nitric oxide synthases in aging: Therapeutic
opportunities. Front. Physiol. 2012, 3, 218. [CrossRef] [PubMed]
84. Yang, Y.M.; Huang, A.; Kaley, G.; Sun, D. eNOS uncoupling and endothelial dysfunction in aged vessels.
Am. J. Physiol. Heart Circ. Physiol. 2009, 297, H1829–1836. [CrossRef] [PubMed]
85. Donato, A.J.; Eskurza, I.; Silver, A.E.; Levy, A.S.; Pierce, G.L.; Gates, P.E.; Seals, D.R. Direct evidence of
endothelial oxidative stress with aging in humans: Relation to impaired endothelium-dependent dilation
and upregulation of nuclear factor-κB. Circ. Res. 2007, 100, 1659–1666. [CrossRef] [PubMed]
86. Eskurza, I.; Monahan, K.D.; Robinson, J.A.; Seals, D.R. Effect of acute and chronic ascorbic acid on
flow-mediated dilatation with sedentary and physically active human ageing. J. Physiol. 2004, 556, 315–324.
[CrossRef] [PubMed]
Int. J. Mol. Sci. 2018, 19, 481 23 of 31
87. Higashi, Y.; Sasaki, S.; Nakagawa, K.; Kimura, M.; Noma, K.; Hara, K.; Jitsuiki, D.; Goto, C.; Oshima, T.;
Chayama, K.; et al. Tetrahydrobiopterin improves aging-related impairment of endothelium-dependent
vasodilation through increase in nitric oxide production. Atherosclerosis 2006, 186, 390–395. [CrossRef]
[PubMed]
88. Taddei, S.; Virdis, A.; Ghiadoni, L.; Versari, D.; Salvetti, A. Endothelium, aging, and hypertension.
Curr. Hypertens. Rep. 2006, 8, 84–89. [CrossRef] [PubMed]
89. Valko, M.; Leibfritz, D.; Moncol, J.; Cronin, M.T.; Mazur, M.; Telser, J. Free radicals and antioxidants in
normal physiological functions and human disease. Int. J. Biochem. Cell Biol. 2007, 39, 44–84. [CrossRef]
[PubMed]
90. Malinin, N.L.; West, X.Z.; Byzova, T.V. Oxidation as “the stress of life”. Aging (Albany NY) 2011, 3, 906–910.
[CrossRef] [PubMed]
91. Hayashi, T.; Matsui-Hirai, H.; Miyazaki-Akita, A.; Fukatsu, A.; Funami, J.; Ding, Q.F.; Kamalanathan, S.;
Hattori, Y.; Ignarro, L.J.; Iguchi, A. Endothelial cellular senescence is inhibited by nitric oxide: Implications in
atherosclerosis associated with menopause and diabetes. Proc. Natl. Acad. Sci. USA 2006, 103, 17018–17023.
[CrossRef] [PubMed]
92. Erusalimsky, J.D. Vascular endothelial senescence: From mechanisms to pathophysiology. J. Appl. Physiol.
2009, 106, 326–332. [CrossRef] [PubMed]
93. Park, W.H. The effects of exogenous H2O2 on cell death, reactive oxygen species and glutathione levels
in calf pulmonary artery and human umbilical vein endothelial cells. Int. J. Mol. Med. 2013, 31, 471–476.
[CrossRef] [PubMed]
94. Schroeder, P.; Popp, R.; Wiegand, B.; Altschmied, J.; Haendeler, J. Nuclear redox-signaling is essential for
apoptosis inhibition in endothelial cells—important role for nuclear thioredoxin-1. Arterioscler. Thromb.
Vasc. Biol. 2007, 27, 2325–2331. [CrossRef] [PubMed]
95. Groleau, J.; Dussault, S.; Turgeon, J.; Haddad, P.; Rivard, A. Accelerated vascular aging in cuznsod-deficient
mice: Impact on epc function and reparative neovascularization. PLoS ONE 2011, 6, e23308. [CrossRef]
[PubMed]
96. Turgeon, J.; Haddad, P.; Dussault, S.; Groleau, J.; Maingrette, F.; Perez, G.; Rivard, A. Protection
against vascular aging in NOX2-deficient mice: Impact on endothelial progenitor cells and reparative
neovascularization. Atherosclerosis 2012, 223, 122–129. [CrossRef] [PubMed]
97. Wolin, M.S. Reactive oxygen species and the control of vascular function. Am. J. Physiol. Heart Circ. Physiol.
2009, 296, H539–H549. [CrossRef] [PubMed]
98. Pacher, P.; Beckman, J.S.; Liaudet, L. Nitric oxide and peroxynitrite in health and disease. Physiol. Rev. 2007,
87, 315–424. [CrossRef] [PubMed]
99. Van der Loo, B.; Labugger, R.; Skepper, J.N.; Bachschmid, M.; Kilo, J.; Powell, J.M.; Palacios-Callender, M.;
Erusalimsky, J.D.; Quaschning, T.; Malinski, T.; et al. Enhanced peroxynitrite formation is associated with
vascular aging. J. Exp. Med. 2000, 192, 1731–1744. [CrossRef] [PubMed]
100. Szabo, C.; Ischiropoulos, H.; Radi, R. Peroxynitrite: Biochemistry, pathophysiology and development of
therapeutics. Nat. Rev. Drug Discov. 2007, 6, 662–680. [CrossRef] [PubMed]
101. Guzik, T.J.; Mussa, S.; Gastaldi, D.; Sadowski, J.; Ratnatunga, C.; Pillai, R.; Channon, K.M. Mechanisms
of increased vascular superoxide production in human diabetes mellitus: Role of NAD(P)H oxidase and
endothelial nitric oxide synthase. Circulation 2002, 105, 1656–1662. [CrossRef] [PubMed]
102. Cai, H.; Harrison, D.G. Endothelial dysfunction in cardiovascular diseases: The role of oxidant stress.
Circ. Res. 2000, 87, 840–844. [CrossRef] [PubMed]
103. Lassegue, B.; Griendling, K.K. NADPH oxidases: Functions and pathologies in the vasculature.
Arterioscler. Thromb. Vasc. Biol. 2010, 30, 653–661. [CrossRef] [PubMed]
104. Raha, S.; Robinson, B.H. Mitochondria, oxygen free radicals, disease and ageing. Trends Biochem. Sci. 2000,
25, 502–508. [CrossRef]
105. Fridovich, I. Mitochondria: Are they the seat of senescence? Aging Cell 2004, 3, 13–16. [CrossRef] [PubMed]
106. Kim, J.A.; Wei, Y.; Sowers, J.R. Role of mitochondrial dysfunction in insulin resistance. Circ. Res. 2008, 102,
401–414. [CrossRef] [PubMed]
107. Van der Loo, B.; Schildknecht, S.; Zee, R.; Bachschmid, M.M. Signalling processes in endothelial ageing in
relation to chronic oxidative stress and their potential therapeutic implications in humans. Exp. Physiol. 2009,
94, 305–310. [CrossRef] [PubMed]
Int. J. Mol. Sci. 2018, 19, 481 24 of 31
108. Ungvari, Z.; Sonntag, W.E.; Csiszar, A. Mitochondria and aging in the vascular system. J. Mol. Med. 2010, 88,
1021–1027. [CrossRef] [PubMed]
109. Zhou, R.H.; Vendrov, A.E.; Tchivilev, I.; Niu, X.L.; Molnar, K.C.; Rojas, M.; Carter, J.D.; Tong, H.; Stouffer, G.A.;
Madamanchi, N.R.; et al. Mitochondrial oxidative stress in aortic stiffening with age: The role of smooth
muscle cell function. Arterioscler. Thromb. Vasc. Biol. 2012, 32, 745–755. [CrossRef] [PubMed]
110. Beckman, K.B.; Ames, B.N. The free radical theory of aging matures. Physiol. Rev. 1998, 78, 547–581.
[CrossRef] [PubMed]
111. Lenaz, G.; Bovina, C.; Castelluccio, C.; Fato, R.; Formiggini, G.; Genova, M.L.; Marchetti, M.; Pich, M.M.;
Pallotti, F.; Parenti Castelli, G.; et al. Mitochondrial complex I defects in aging. Mol. Cell. Biochem. 1997, 174,
329–333. [CrossRef] [PubMed]
112. Schriner, S.E.; Linford, N.J.; Martin, G.M.; Treuting, P.; Ogburn, C.E.; Emond, M.; Coskun, P.E.; Ladiges, W.;
Wolf, N.; van Remmen, H.; et al. Extension of murine life span by overexpression of catalase targeted to
mitochondria. Science 2005, 308, 1909–1911. [CrossRef] [PubMed]
113. Ungvari, Z.; Bagi, Z.; Feher, A.; Recchia, F.A.; Sonntag, W.E.; Pearson, K.; de Cabo, R.; Csiszar, A. Resveratrol
confers endothelial protection via activation of the antioxidant transcription factor nrf2. Am. J. Physiol. Heart
Circ. Physiol. 2010, 299, H18–H24. [CrossRef] [PubMed]
114. Dai, D.F.; Rabinovitch, P.S.; Ungvari, Z. Mitochondria and cardiovascular aging. Circ. Res. 2012, 110,
1109–1124. [CrossRef] [PubMed]
115. Zhang, D.X.; Gutterman, D.D. Mitochondrial reactive oxygen species-mediated signaling in endothelial cells.
Am. J. Physiol. Heart Circ. Physiol. 2007, 292, H2023–H2031. [CrossRef] [PubMed]
116. Krause, K.H. Aging: A revisited theory based on free radicals generated by NOX family NADPH oxidases.
Exp. Gerontol. 2007, 42, 256–262. [CrossRef] [PubMed]
117. Hilenski, L.L.; Clempus, R.E.; Quinn, M.T.; Lambeth, J.D.; Griendling, K.K. Distinct subcellular localizations
of NOX1 and NOX4 in vascular smooth muscle cells. Arterioscler. Thromb. Vasc. Biol. 2004, 24, 677–683.
[CrossRef] [PubMed]
118. Jones, S.A.; O’Donnell, V.B.; Wood, J.D.; Broughton, J.P.; Hughes, E.J.; Jones, O.T. Expression of phagocyte
NADPH oxidase components in human endothelial cells. Am. J. Physiol. 1996, 271, H1626–H1634. [CrossRef]
[PubMed]
119. Touyz, R.M.; Chen, X.; Tabet, F.; Yao, G.; He, G.; Quinn, M.T.; Pagano, P.J.; Schiffrin, E.L. Expression of
a functionally active gp91phox-containing neutrophil-type NAD(P)H oxidase in smooth muscle cells from
human resistance arteries: Regulation by angiotensin ii. Circ. Res. 2002, 90, 1205–1213. [CrossRef] [PubMed]
120. Dikalov, S.I.; Dikalova, A.E.; Bikineyeva, A.T.; Schmidt, H.H.; Harrison, D.G.; Griendling, K.K. Distinct roles
of NOX1 and NOX4 in basal and angiotensin ii-stimulated superoxide and hydrogen peroxide production.
Free Radic. Biol. Med. 2008, 45, 1340–1351. [CrossRef] [PubMed]
121. Ago, T.; Kitazono, T.; Ooboshi, H.; Iyama, T.; Han, Y.H.; Takada, J.; Wakisaka, M.; Ibayashi, S.; Utsumi, H.;
Iida, M. NOX4 as the major catalytic component of an endothelial NAD(P)H oxidase. Circulation 2004, 109,
227–233. [CrossRef] [PubMed]
122. Takac, I.; Schroder, K.; Zhang, L.; Lardy, B.; Anilkumar, N.; Lambeth, J.D.; Shah, A.M.; Morel, F.; Brandes, R.P.
The E-loop is involved in hydrogen peroxide formation by the NADPH oxidase NOX4. J. Biol. Chem. 2011,
286, 13304–13313. [CrossRef] [PubMed]
123. Guzik, T.J.; Chen, W.; Gongora, M.C.; Guzik, B.; Lob, H.E.; Mangalat, D.; Hoch, N.; Dikalov, S.; Rudzinski, P.;
Kapelak, B.; et al. Calcium-dependent NOX5 nicotinamide adenine dinucleotide phosphate oxidase
contributes to vascular oxidative stress in human coronary artery disease. J. Am. Coll. Cardiol. 2008,
52, 1803–1809. [CrossRef] [PubMed]
124. Forstermann, U.; Munzel, T. Endothelial nitric oxide synthase in vascular disease: From marvel to menace.
Circulation 2006, 113, 1708–1714. [CrossRef] [PubMed]
125. Stuehr, D.; Pou, S.; Rosen, G.M. Oxygen reduction by nitric-oxide synthases. J. Biol. Chem. 2001, 276,
14533–14536. [CrossRef] [PubMed]
126. Bode-Boger, S.M.; Muke, J.; Surdacki, A.; Brabant, G.; Boger, R.H.; Frolich, J.C. Oral L-arginine improves
endothelial function in healthy individuals older than 70 years. Vasc. Med. 2003, 8, 77–81. [CrossRef]
[PubMed]
127. Santhanam, L.; Christianson, D.W.; Nyhan, D.; Berkowitz, D.E. Arginase and vascular aging. J. Appl. Physiol.
2008, 105, 1632–1642. [CrossRef] [PubMed]
Int. J. Mol. Sci. 2018, 19, 481 25 of 31
128. Kim, J.H.; Bugaj, L.J.; Oh, Y.J.; Bivalacqua, T.J.; Ryoo, S.; Soucy, K.G.; Santhanam, L.; Webb, A.; Camara, A.;
Sikka, G.; et al. Arginase inhibition restores NOS coupling and reverses endothelial dysfunction and vascular
stiffness in old rats. J. Appl. Physiol. 2009, 107, 1249–1257. [CrossRef] [PubMed]
129. Brandes, R.P.; Fleming, I.; Busse, R. Endothelial aging. Cardiovasc. Res. 2005, 66, 286–294. [CrossRef]
[PubMed]
130. Dikalov, S. Cross talk between mitochondria and NADPH oxidases. Free Radic. Biol. Med. 2011, 51, 1289–1301.
[CrossRef] [PubMed]
131. Costa, A.D.; Quinlan, C.L.; Andrukhiv, A.; West, I.C.; Jaburek, M.; Garlid, K.D. The direct physiological effects
of mitok(ATP) opening on heart mitochondria. Am. J. Physiol. Heart Circ. Physiol. 2006, 290, H406–H415.
[CrossRef] [PubMed]
132. Queliconi, B.B.; Wojtovich, A.P.; Nadtochiy, S.M.; Kowaltowski, A.J.; Brookes, P.S. Redox regulation of the
mitochondrial k(ATP) channel in cardioprotection. Biochim. Biophys. Acta 2011, 1813, 1309–1315. [CrossRef]
[PubMed]
133. Doughan, A.K.; Harrison, D.G.; Dikalov, S.I. Molecular mechanisms of angiotensin ii-mediated mitochondrial
dysfunction: Linking mitochondrial oxidative damage and vascular endothelial dysfunction. Circ. Res. 2008,
102, 488–496. [CrossRef] [PubMed]
134. Ferrucci, L.; Corsi, A.; Lauretani, F.; Bandinelli, S.; Bartali, B.; Taub, D.D.; Guralnik, J.M.; Longo, D.L.
The origins of age-related proinflammatory state. Blood 2005, 105, 2294–2299. [CrossRef] [PubMed]
135. Scuteri, A.; Orru, M.; Morrell, C.; Piras, M.G.; Taub, D.; Schlessinger, D.; Uda, M.; Lakatta, E.G. Independent
and additive effects of cytokine patterns and the metabolic syndrome on arterial aging in the SardiNIA study.
Atherosclerosis 2011, 215, 459–464. [CrossRef] [PubMed]
136. Miles, E.A.; Rees, D.; Banerjee, T.; Cazzola, R.; Lewis, S.; Wood, R.; Oates, R.; Tallant, A.; Cestaro, B.;
Yaqoob, P.; et al. Age-related increases in circulating inflammatory markers in men are independent of bmi,
blood pressure and blood lipid concentrations. Atherosclerosis 2008, 196, 298–305. [CrossRef] [PubMed]
137. Guerriero, L.; Chong, K.; Franco, R.; Rosati, A.; de Caro, F.; Capunzo, M.; Turco, M.C.; Hoon, D.S. BAG3
protein expression in melanoma metastatic lymph nodes correlates with patients’ survival. Cell Death Dis.
2014, 5, e1173. [CrossRef] [PubMed]
138. Chung, H.Y.; Cesari, M.; Anton, S.; Marzetti, E.; Giovannini, S.; Seo, A.Y.; Carter, C.; Yu, B.P.;
Leeuwenburgh, C. Molecular inflammation: Underpinnings of aging and age-related diseases.
Ageing Res. Rev. 2009, 8, 18–30. [CrossRef] [PubMed]
139. Ungvari, Z.; Csiszar, A.; Kaley, G. Vascular inflammation in aging. Herz 2004, 29, 733–740. [CrossRef]
[PubMed]
140. Mattace-Raso, F.U.; van der Cammen, T.J.; van der Meer, I.M.; Schalekamp, M.A.; Asmar, R.; Hofman, A.;
Witteman, J.C. C-reactive protein and arterial stiffness in older adults: The rotterdam study. Atherosclerosis
2004, 176, 111–116. [CrossRef] [PubMed]
141. Nakhai-Pour, H.R.; Grobbee, D.E.; Bots, M.L.; Muller, M.; van der Schouw, Y.T. C-reactive protein and aortic
stiffness and wave reflection in middle-aged and elderly men from the community. J. Hum. Hypertens. 2007,
21, 949–955. [CrossRef] [PubMed]
142. Wang, M.; Zhang, J.; Jiang, L.Q.; Spinetti, G.; Pintus, G.; Monticone, R.; Kolodgie, F.D.; Virmani, R.;
Lakatta, E.G. Proinflammatory profile within the grossly normal aged human aortic wall. Hypertension 2007,
50, 219–227. [CrossRef] [PubMed]
143. Csiszar, A.; Ungvari, Z.; Koller, A.; Edwards, J.G.; Kaley, G. Proinflammatory phenotype of coronary arteries
promotes endothelial apoptosis in aging. Physiol. Genom. 2004, 17, 21–30. [CrossRef] [PubMed]
144. Vila, E.; Salaices, M. Cytokines and vascular reactivity in resistance arteries. Am. J. Physiol. Heart Circ. Physiol.
2005, 288, H1016–H1021. [CrossRef] [PubMed]
145. Ungvari, Z.; Csiszar, A.; Edwards, J.G.; Kaminski, P.M.; Wolin, M.S.; Kaley, G.; Koller, A. Increased superoxide
production in coronary arteries in hyperhomocysteinemia: Role of tumor necrosis factor-α, NAD(P)H
oxidase, and inducible nitric oxide synthase. Arterioscler. Thromb. Vasc. Biol. 2003, 23, 418–424. [CrossRef]
[PubMed]
146. Nevado, J.; Vallejo, S.; El-Assar, M.; Peiro, C.; Sanchez-Ferrer, C.F.; Rodriguez-Manas, L. Changes in the
human peritoneal mesothelial cells during aging. Kidney Int. 2006, 69, 313–322. [CrossRef] [PubMed]
Int. J. Mol. Sci. 2018, 19, 481 26 of 31
147. Mountain, D.J.; Singh, M.; Menon, B.; Singh, K. Interleukin-1β increases expression and activity of matrix
metalloproteinase-2 in cardiac microvascular endothelial cells: Role of PKCα/β1 and MAPKs. Am. J. Physiol.
Cell Physiol. 2007, 292, C867–875. [CrossRef] [PubMed]
148. Lee, J.G.; Lee, S.H.; Park, D.W.; Bae, Y.S.; Yun, S.S.; Kim, J.R.; Baek, S.H. Phosphatidic acid as a regulator
of matrix metalloproteinase-9 expression via the TNF-α signaling pathway. FEBS Lett. 2007, 581, 787–793.
[CrossRef] [PubMed]
149. Wang, M.; Spinetti, G.; Monticone, R.E.; Zhang, J.; Wu, J.; Jiang, L.; Khazan, B.; Telljohann, R.; Lakatta, E.G.
A local proinflammatory signalling loop facilitates adverse age-associated arterial remodeling. PLoS ONE
2011, 6, e16653. [CrossRef] [PubMed]
150. Hayden, M.S.; Ghosh, S. Shared principles in NF-κB signaling. Cell 2008, 132, 344–362. [CrossRef] [PubMed]
151. Hayden, M.S.; West, A.P.; Ghosh, S. NF-κB and the immune response. Oncogene 2006, 25, 6758–6780.
[CrossRef] [PubMed]
152. Vaughan, S.; Jat, P.S. Deciphering the role of nuclear factor-κB in cellular senescence. Aging (Albany NY) 2011,
3, 913–919. [CrossRef] [PubMed]
153. Adler, A.S.; Sinha, S.; Kawahara, T.L.; Zhang, J.Y.; Segal, E.; Chang, H.Y. Motif module map reveals
enforcement of aging by continual NF-κB activity. Genes Dev. 2007, 21, 3244–3257. [CrossRef] [PubMed]
154. Yu, B.P.; Chung, H.Y. Adaptive mechanisms to oxidative stress during aging. Mech. Ageing Dev. 2006, 127,
436–443. [CrossRef] [PubMed]
155. Ungvari, Z.; Orosz, Z.; Labinskyy, N.; Rivera, A.; Xiangmin, Z.; Smith, K.; Csiszar, A. Increased mitochondrial
H2O2 production promotes endothelial NF-κB activation in aged rat arteries. Am. J. Physiol. Heart
Circ. Physiol. 2007, 293, H37–H47. [CrossRef] [PubMed]
156. Pierce, G.L.; Lesniewski, L.A.; Lawson, B.R.; Beske, S.D.; Seals, D.R. Nuclear factor-κB activation contributes
to vascular endothelial dysfunction via oxidative stress in overweight/obese middle-aged and older humans.
Circulation 2009, 119, 1284–1292. [CrossRef] [PubMed]
157. Wang, M.; Takagi, G.; Asai, K.; Resuello, R.G.; Natividad, F.F.; Vatner, D.E.; Vatner, S.F.; Lakatta, E.G. Aging
increases aortic MMP-2 activity and angiotensin ii in nonhuman primates. Hypertension 2003, 41, 1308–1316.
[CrossRef] [PubMed]
158. Wang, M.; Monticone, R.E.; Lakatta, E.G. Arterial aging: A journey into subclinical arterial disease. Curr. Opin.
Nephrol. Hypertens. 2010, 19, 201–207. [CrossRef] [PubMed]
159. Wang, M.; Zhang, J.; Walker, S.J.; Dworakowski, R.; Lakatta, E.G.; Shah, A.M. Involvement of NADPH
oxidase in age-associated cardiac remodeling. J. Mol. Cell. Cardiol. 2010, 48, 765–772. [CrossRef] [PubMed]
160. Brown, W.D.; Frackowiak, R.S. Cerebral blood flow and metabolism studies in multi-infarct dementia.
Alzheimer Dis. Assoc. Disord. 1991, 5, 131–143. [CrossRef] [PubMed]
161. Strandgaard, S.; Olesen, J.; Skinhoj, E.; Lassen, N.A. Autoregulation of brain circulation in severe arterial
hypertension. Br. Med. J. 1973, 1, 507–510. [CrossRef] [PubMed]
162. Keady, J.; Swarbrick, C.; Deaton, C.; Reilly, S.; Price, R.; Howorth, M.; Riley, C.; Lowndes, J.; Pendleton, N.
Proposing a cardiac model for vascular dementia. Br. J. Nurs. 2012, 21, 1124. [PubMed]
163. Elahy, M.; Jackaman, C.; Mamo, J.C.; Lam, V.; Dhaliwal, S.S.; Giles, C.; Nelson, D.; Takechi, R. Blood-brain
barrier dysfunction developed during normal aging is associated with inflammation and loss of tight
junctions but not with leukocyte recruitment. Immun. Ageing 2015, 12, 2. [CrossRef] [PubMed]
164. Mooradian, A.D. Effect of aging on the blood-brain barrier. Neurobiol. Aging 1988, 9, 31–39. [CrossRef]
165. Mooradian, A.D. Potential mechanisms of the age-related changes in the blood-brain barrier. Neurobiol. Aging
1994, 15, 751–755, discussion 761–752, 767. [CrossRef]
166. Wikkelso, C.; Blomstrand, C.; Nordquist, P. Cerebrospinal fluid investigations in multi-infarct dementia and
senile dementia. Acta Neurol. Scand. 1981, 64, 1–11. [CrossRef] [PubMed]
167. Strandgaard, S. The cerebral circulation in the elderly: The influence of age, vascular disease,
and antihypertensive treatment. Am. J. Geriatr. Cardiol. 1993, 2, 32–36. [PubMed]
168. Sulkava, R.; Erkinjuntti, T. Vascular dementia due to cardiac arrhythmias and systemic hypotension.
Acta Neurol. Scand. 1987, 76, 123–128. [CrossRef] [PubMed]
169. Meyer, J.S.; Rogers, R.L.; Mortel, K.F. Progressive cerebral ischemia antedates cerebrovascular symptoms by
two years. Ann. Neurol. 1984, 16, 314–320. [CrossRef] [PubMed]
170. Deutsch, G.; Tweedy, J.R. Cerebral blood flow in severity-matched Alzheimer and multi-infarct patients.
Neurology 1987, 37, 431–438. [CrossRef] [PubMed]
Int. J. Mol. Sci. 2018, 19, 481 27 of 31
171. Deary, I.J.; Corley, J.; Gow, A.J.; Harris, S.E.; Houlihan, L.M.; Marioni, R.E.; Penke, L.; Rafnsson, S.B.; Starr, J.M.
Age-associated cognitive decline. Br. Med. Bull. 2009, 92, 135–152. [CrossRef] [PubMed]
172. Hossmann, K.A. The two pathophysiologies of focal brain ischemia: Implications for translational stroke
research. J. Cereb. Blood Flow Metab. 2012, 32, 1310–1316. [CrossRef] [PubMed]
173. Schaller, B.J. Influence of age on stroke and preconditioning-induced ischemic tolerance in the brain.
Exp. Neurol. 2007, 205, 9–19. [CrossRef] [PubMed]
174. Adams, H.P., Jr.; Bendixen, B.H.; Kappelle, L.J.; Biller, J.; Love, B.B.; Gordon, D.L.; Marsh, E.E., 3rd.
Classification of subtype of acute ischemic stroke. Definitions for use in a multicenter clinical trial. Toast.
Trial of org 10172 in acute stroke treatment. Stroke 1993, 24, 35–41. [CrossRef] [PubMed]
175. Kissela, B.M.; Khoury, J.C.; Alwell, K.; Moomaw, C.J.; Woo, D.; Adeoye, O.; Flaherty, M.L.; Khatri, P.;
Ferioli, S.; de Los Rios La Rosa, F.; et al. Age at stroke: Temporal trends in stroke incidence in a large, biracial
population. Neurology 2012, 79, 1781–1787. [CrossRef] [PubMed]
176. Popa-Wagner, A.; Carmichael, S.T.; Kokaia, Z.; Kessler, C.; Walker, L.C. The response of the aged brain to
stroke: Too much, too soon? Curr. Neurovasc. Res. 2007, 4, 216–227. [CrossRef] [PubMed]
177. Chollet, F. Pharmacologic approaches to cerebral aging and neuroplasticity: Insights from the stroke model.
Dialogues Clin. Neurosci. 2013, 15, 67–76. [PubMed]
178. Pasqualin, A. Epidemiology and pathophysiology of cerebral vasospasm following subarachnoid
hemorrhage. J. Neurosurg. Sci. 1998, 42, 15–21. [PubMed]
179. Mayberg, M. Pathophysiology, monitoring, and treatment of cerebral vasospasm after subarachnoid
hemorrhage. J. Stroke Cerebrovasc. Dis. 1997, 6, 258–260. [CrossRef]
180. Gathier, C.S.; Dankbaar, J.W.; van der Jagt, M.; Verweij, B.H.; Oldenbeuving, A.W.; Rinkel, G.J.;
van den Bergh, W.M.; Slooter, A.J.; Group, H.S. Effects of induced hypertension on cerebral perfusion
in delayed cerebral ischemia after aneurysmal subarachnoid hemorrhage: A randomized clinical trial. Stroke
2015, 46, 3277–3281. [CrossRef] [PubMed]
181. Tam, A.K.; Kapadia, A.; Ilodigwe, D.; Li, Z.; Schweizer, T.A.; Macdonald, R.L. Impact of global cerebral
atrophy on clinical outcome after subarachnoid hemorrhage. J. Neurosurg. 2013, 119, 198–206. [CrossRef]
[PubMed]
182. Hong, J.F.; Song, Y.F.; Liu, H.B.; Liu, Z.; Wang, S.S. The clinical characteristics and treatment of
cerebral microarteriovenous malformation presenting with intracerebral hemorrhage: A series of 13 cases.
BioMed Res. Int. 2015, 2015, 257153. [CrossRef] [PubMed]
183. Gold, G.; Giannakopoulos, P.; Montes-Paixao Junior, C.; Herrmann, F.R.; Mulligan, R.; Michel, J.P.; Bouras, C.
Sensitivity and specificity of newly proposed clinical criteria for possible vascular dementia. Neurology 1997,
49, 690–694. [CrossRef] [PubMed]
184. Kalaria, R.N. Neuropathological diagnosis of vascular cognitive impairment and vascular dementia with
implications for Alzheimer’s disease. Acta Neuropathol. 2016, 131, 659–685. [CrossRef] [PubMed]
185. Han, B.H.; Zhou, M.L.; Johnson, A.W.; Singh, I.; Liao, F.; Vellimana, A.K.; Nelson, J.W.; Milner, E.; Cirrito, J.R.;
Basak, J.; et al. Contribution of reactive oxygen species to cerebral amyloid angiopathy, vasomotor
dysfunction, and microhemorrhage in aged Tg2576 mice. Proc. Natl. Acad. Sci. USA 2015, 112, E881–E890.
[CrossRef] [PubMed]
186. Yamada, M.; Tsukagoshi, H.; Otomo, E.; Hayakawa, M. Cerebral amyloid angiopathy in the aged. J. Neurol.
1987, 234, 371–376. [CrossRef] [PubMed]
187. Akiguchi, I. Pathophysiology and therapeutic approaches on Binswanger’s disease. No To Shinkei 2006, 58,
289–297. [PubMed]
188. Merkli, H.; Pal, E.; Horvathne, V.I. Clinical characteristics of subcortical arteriosclerotic encephalopathy
(Binswanger’s disease). Orv. Hetil. 2001, 142, 1221–1226. [PubMed]
189. Haigis, M.C.; Sinclair, D.A. Mammalian sirtuins: Biological insights and disease relevance. Annu. Rev. Pathol.
2010, 5, 253–295. [CrossRef] [PubMed]
190. Conti, V.; Forte, M.; Corbi, G.; Russomanno, G.; Formisano, L.; Landolfi, A.; Izzo, V.; Filippelli, A.;
Vecchione, C.; Carrizzo, A. Sirtuins: Possible clinical implications in cardio and cerebrovascular diseases.
Curr. Drug Targets 2017, 18, 473–484. [CrossRef] [PubMed]
191. Qadir, M.I.; Anwar, S. Sirtuins in brain aging and neurological disorders. Crit. Rev. Eukaryot. Gene Expr. 2017,
27, 321–329. [CrossRef] [PubMed]
Int. J. Mol. Sci. 2018, 19, 481 28 of 31
192. Yang, Y.; Li, W.; Liu, Y.; Sun, Y.; Li, Y.; Yao, Q.; Li, J.; Zhang, Q.; Gao, Y.; Gao, L.; et al. α-lipoic acid improves
high-fat diet-induced hepatic steatosis by modulating the transcription factors SREBP-1, FoxO1 and Nrf2 via
the SIRT1/LKB1/AMPK pathway. J. Nutr. Biochem. 2014, 25, 1207–1217. [CrossRef] [PubMed]
193. Li, Y.; Xu, W.; McBurney, M.W.; Longo, V.D. SIRT1 inhibition reduces IGF-I/IRS-2/Ras/ERK1/2 signaling
and protects neurons. Cell Metab. 2008, 8, 38–48. [CrossRef] [PubMed]
194. Burnett, C.; Valentini, S.; Cabreiro, F.; Goss, M.; Somogyvari, M.; Piper, M.D.; Hoddinott, M.; Sutphin, G.L.;
Leko, V.; McElwee, J.J.; et al. Absence of effects of Sir2 overexpression on lifespan in C. elegans and Drosophila.
Nature 2011, 477, 482–485. [CrossRef] [PubMed]
195. Hsu, C.P.; Zhai, P.; Yamamoto, T.; Maejima, Y.; Matsushima, S.; Hariharan, N.; Shao, D.; Takagi, H.; Oka, S.;
Sadoshima, J. Silent information regulator 1 protects the heart from ischemia/reperfusion. Circulation 2010,
122, 2170–2182. [CrossRef] [PubMed]
196. Kawashima, T.; Inuzuka, Y.; Okuda, J.; Kato, T.; Niizuma, S.; Tamaki, Y.; Iwanaga, Y.; Kawamoto, A.;
Narazaki, M.; Matsuda, T.; et al. Constitutive SIRT1 overexpression impairs mitochondria and reduces
cardiac function in mice. J. Mol. Cell. Cardiol. 2011, 51, 1026–1036. [CrossRef] [PubMed]
197. Alcendor, R.R.; Gao, S.; Zhai, P.; Zablocki, D.; Holle, E.; Yu, X.; Tian, B.; Wagner, T.; Vatner, S.F.; Sadoshima, J.
SIRT1 regulates aging and resistance to oxidative stress in the heart. Circ. Res. 2007, 100, 1512–1521.
[CrossRef] [PubMed]
198. Li, L.; Gao, P.; Zhang, H.; Chen, H.; Zheng, W.; Lv, X.; Xu, T.; Wei, Y.; Liu, D.; Liang, C. SIRT1 inhibits
angiotensin II-induced vascular smooth muscle cell hypertrophy. Acta Biochim. Biophys. Sin. (Shanghai) 2011,
43, 103–109. [CrossRef] [PubMed]
199. Sundaresan, N.R.; Pillai, V.B.; Wolfgeher, D.; Samant, S.; Vasudevan, P.; Parekh, V.; Raghuraman, H.;
Cunningham, J.M.; Gupta, M.; Gupta, M.P. The deacetylase SIRT1 promotes membrane localization and
activation of AKT and PDK1 during tumorigenesis and cardiac hypertrophy. Sci. Signal. 2011, 4, ra46.
[CrossRef] [PubMed]
200. Takemura, A.; Iijima, K.; Ota, H.; Son, B.K.; Ito, Y.; Ogawa, S.; Eto, M.; Akishita, M.; Ouchi, Y. Sirtuin 1 retards
hyperphosphatemia-induced calcification of vascular smooth muscle cells. Arterioscler. Thromb. Vasc. Biol.
2011, 31, 2054–2062. [CrossRef] [PubMed]
201. Sundaresan, N.R.; Gupta, M.; Kim, G.; Rajamohan, S.B.; Isbatan, A.; Gupta, M.P. SIRT3 blocks the cardiac
hypertrophic response by augmenting FOXO3a-dependent antioxidant defense mechanisms in mice.
J. Clin. Investig. 2009, 119, 2758–2771. [CrossRef] [PubMed]
202. Takasaka, N.; Araya, J.; Hara, H.; Ito, S.; Kobayashi, K.; Kurita, Y.; Wakui, H.; Yoshii, Y.; Yumino, Y.; Fujii, S.;
et al. Autophagy induction by SIRT6 through attenuation of insulin-like growth factor signaling is involved
in the regulation of human bronchial epithelial cell senescence. J. Immunol. 2014, 192, 958–968. [CrossRef]
[PubMed]
203. Shao, J.; Yang, X.; Liu, T.; Zhang, T.; Xie, Q.R.; Xia, W. Autophagy induction by SIRT6 is involved in oxidative
stress-induced neuronal damage. Protein Cell 2016, 7, 281–290. [CrossRef] [PubMed]
204. Vakhrusheva, O.; Smolka, C.; Gajawada, P.; Kostin, S.; Boettger, T.; Kubin, T.; Braun, T.; Bober, E. SIRT7
increases stress resistance of cardiomyocytes and prevents apoptosis and inflammatory cardiomyopathy in
mice. Circ. Res. 2008, 102, 703–710. [CrossRef] [PubMed]
205. Le Roith, D. Seminars in medicine of the beth israel deaconess medical center. Insulin-like growth factors.
N. Engl. J. Med. 1997, 336, 633–640. [CrossRef] [PubMed]
206. Kenyon, C.; Chang, J.; Gensch, E.; Rudner, A.; Tabtiang, R. A C. elegans mutant that lives twice as long as
wild type. Nature 1993, 366, 461–464. [CrossRef] [PubMed]
207. Guttridge, D.C. Signaling pathways weigh in on decisions to make or break skeletal muscle. Curr. Opin.
Clin. Nutr. Metab. Care 2004, 7, 443–450. [CrossRef] [PubMed]
208. Alvaro, D.; Mancino, M.G.; Onori, P.; Franchitto, A.; Alpini, G.; Francis, H.; Glaser, S.; Gaudio, E. Estrogens
and the pathophysiology of the biliary tree. World J. Gastroenterol. 2006, 12, 3537–3545. [CrossRef] [PubMed]
209. Dudek, H.; Datta, S.R.; Franke, T.F.; Birnbaum, M.J.; Yao, R.; Cooper, G.M.; Segal, R.A.; Kaplan, D.R.;
Greenberg, M.E. Regulation of neuronal survival by the serine-threonine protein kinase AKT. Science 1997,
275, 661–665. [CrossRef] [PubMed]
210. Liu, J.P.; Baker, J.; Perkins, A.S.; Robertson, E.J.; Efstratiadis, A. Mice carrying null mutations of the genes
encoding insulin-like growth factor 1 (IGF-1) and type 1 IGF receptor (IGF1R). Cell 1993, 75, 59–72. [CrossRef]
Int. J. Mol. Sci. 2018, 19, 481 29 of 31
211. Holzenberger, M.; Dupont, J.; Ducos, B.; Leneuve, P.; Geloen, A.; Even, P.C.; Cervera, P.; Le Bouc, Y. IGF-1
receptor regulates lifespan and resistance to oxidative stress in mice. Nature 2003, 421, 182–187. [CrossRef]
[PubMed]
212. Ruvinov, E.; Leor, J.; Cohen, S. The promotion of myocardial repair by the sequential delivery of IGF-1 and
HGF from an injectable alginate biomaterial in a model of acute myocardial infarction. Biomaterials 2011, 32,
565–578. [CrossRef] [PubMed]
213. Delaughter, M.C.; Taffet, G.E.; Fiorotto, M.L.; Entman, M.L.; Schwartz, R.J. Local insulin-like growth factor i
expression induces physiologic, then pathologic, cardiac hypertrophy in transgenic mice. FASEB J. 1999, 13,
1923–1929. [CrossRef] [PubMed]
214. Frater, J.; Lie, D.; Bartlett, P.; McGrath, J.J. Insulin-like growth factor 1 (IGF-1) as a marker of cognitive decline
in normal ageing: A review. Ageing Res. Rev. 2017, 42, 14–27. [CrossRef] [PubMed]
215. Arden, K.C. FOXO animal models reveal a variety of diverse roles for FOXO transcription factors. Oncogene
2008, 27, 2345–2350. [CrossRef] [PubMed]
216. Sedding, D.G. FOXO transcription factors in oxidative stress response and ageing—A new fork on the way
to longevity? Biol. Chem. 2008, 389, 279–283. [CrossRef] [PubMed]
217. Furuyama, T.; Kitayama, K.; Shimoda, Y.; Ogawa, M.; Sone, K.; Yoshida-Araki, K.; Hisatsune, H.;
Nishikawa, S.; Nakayama, K.; Nakayama, K.; et al. Abnormal angiogenesis in FOXO1 (FKHR)-deficient
mice. J. Biol. Chem. 2004, 279, 34741–34749. [CrossRef] [PubMed]
218. Potente, M.; Urbich, C.; Sasaki, K.; Hofmann, W.K.; Heeschen, C.; Aicher, A.; Kollipara, R.; DePinho, R.A.;
Zeiher, A.M.; Dimmeler, S. Involvement of foxo transcription factors in angiogenesis and postnatal
neovascularization. J. Clin. Investig. 2005, 115, 2382–2392. [CrossRef] [PubMed]
219. Hu, Q.; Wang, G.; Peng, J.; Qian, G.; Jiang, W.; Xie, C.; Xiao, Y.; Wang, X. Knockdown of SIRT1 suppresses
bladder cancer cell proliferation and migration and induces cell cycle arrest and antioxidant response
through FOXO3a-mediated pathways. Biomed Res. Int. 2017, 2017, 3781904. [CrossRef] [PubMed]
220. Lapointe, J.; Hekimi, S. Early mitochondrial dysfunction in long-lived MCLK1+/− mice. J. Biol. Chem. 2008,
283, 26217–26227. [CrossRef] [PubMed]
221. Liu, J.L.; Yee, C.; Wang, Y.; Hekimi, S. A single biochemical activity underlies the pleiotropy of the
aging-related protein CLK-1. Sci. Rep. 2017, 7, 859. [CrossRef] [PubMed]
222. Wong, A.; Boutis, P.; Hekimi, S. Mutations in the CLK-1 gene of Caenorhabditis elegans affect developmental
and behavioral timing. Genetics 1995, 139, 1247–1259. [PubMed]
223. Levavasseur, F.; Miyadera, H.; Sirois, J.; Tremblay, M.L.; Kita, K.; Shoubridge, E.; Hekimi, S. Ubiquinone is
necessary for mouse embryonic development but is not essential for mitochondrial respiration. J. Biol. Chem.
2001, 276, 46160–46164. [CrossRef] [PubMed]
224. Zheng, H.; Lapointe, J.; Hekimi, S. Lifelong protection from global cerebral ischemia and reperfusion in
long-lived MCLK1+/− mutants. Exp. Neurol. 2010, 223, 557–565. [CrossRef] [PubMed]
225. Di Lisa, F.; Giorgio, M.; Ferdinandy, P.; Schulz, R. New aspects of p66shc in ischaemia reperfusion injury and
other cardiovascular diseases. Br. J. Pharmacol. 2017, 174, 1690–1703. [CrossRef] [PubMed]
226. Betts, D.H.; Bain, N.T.; Madan, P. The p66(shc) adaptor protein controls oxidative stress response in early
bovine embryos. PLoS ONE 2014, 9, e86978. [CrossRef] [PubMed]
227. Cosentino, F.; Francia, P.; Camici, G.G.; Pelicci, P.G.; Luscher, T.F.; Volpe, M. Final common molecular
pathways of aging and cardiovascular disease: Role of the p66shc protein. Arterioscler. Thromb. Vasc. Biol.
2008, 28, 622–628. [CrossRef] [PubMed]
228. Napoli, C.; Martin-Padura, I.; de Nigris, F.; Giorgio, M.; Mansueto, G.; Somma, P.; Condorelli, M.; Sica, G.;
de Rosa, G.; Pelicci, P. Deletion of the p66shc longevity gene reduces systemic and tissue oxidative stress,
vascular cell apoptosis, and early atherogenesis in mice fed a high-fat diet. Proc. Natl. Acad. Sci. USA 2003,
100, 2112–2116. [CrossRef] [PubMed]
229. Xiong, Y.; Yu, Y.; Montani, J.P.; Yang, Z.; Ming, X.F. Arginase-II induces vascular smooth muscle cell
senescence and apoptosis through p66shc and p53 independently of its L-arginine ureahydrolase activity:
Implications for atherosclerotic plaque vulnerability. J. Am. Heart Assoc. 2013, 2, e000096. [CrossRef]
[PubMed]
230. Kuro-o, M.; Matsumura, Y.; Aizawa, H.; Kawaguchi, H.; Suga, T.; Utsugi, T.; Ohyama, Y.; Kurabayashi, M.;
Kaname, T.; Kume, E.; et al. Mutation of the mouse klotho gene leads to a syndrome resembling ageing.
Nature 1997, 390, 45–51. [CrossRef] [PubMed]
Int. J. Mol. Sci. 2018, 19, 481 30 of 31
231. Kuro-o, M. Klotho. Pflugers Arch. 2010, 459, 333–343. [CrossRef] [PubMed]
232. Dalton, G.D.; Xie, J.; An, S.W.; Huang, C.L. New insights into the mechanism of action of soluble klotho.
Front. Endocrinol. (Lausanne) 2017, 8, 323. [CrossRef] [PubMed]
233. Cheng, L.; Zhang, L.; Yang, J.; Hao, L. Activation of peroxisome proliferator-activated receptor gamma
inhibits vascular calcification by upregulating Klotho. Exp. Ther. Med. 2017, 13, 467–474. [CrossRef]
[PubMed]
234. Maltese, G.; Fountoulakis, N.; Siow, R.C.; Gnudi, L.; Karalliedde, J. Perturbations of the anti-ageing hormone
Klotho in patients with type 1 diabetes and microalbuminuria. Diabetologia 2017, 60, 911–914. [CrossRef]
[PubMed]
235. Corsetti, G.; Pasini, E.; Scarabelli, T.M.; Romano, C.; Agrawal, P.R.; Chen-Scarabelli, C.; Knight, R.;
Saravolatz, L.; Narula, J.; Ferrari-Vivaldi, M.; et al. Decreased expression of Klotho in cardiac atria biopsy
samples from patients at higher risk of atherosclerotic cardiovascular disease. J. Geriatr. Cardiol. 2016, 13,
701–711. [PubMed]
236. Takeshita, K.; Fujimori, T.; Kurotaki, Y.; Honjo, H.; Tsujikawa, H.; Yasui, K.; Lee, J.K.; Kamiya, K.; Kitaichi, K.;
Yamamoto, K.; et al. Sinoatrial node dysfunction and early unexpected death of mice with a defect of klotho
gene expression. Circulation 2004, 109, 1776–1782. [CrossRef] [PubMed]
237. Bolanos-Garcia, V.M.; Blundell, T.L. BUB1 and BubR1: Multifaceted kinases of the cell cycle. Trends Biochem. Sci.
2011, 36, 141–150. [CrossRef] [PubMed]
238. Baker, D.J.; Jeganathan, K.B.; Cameron, J.D.; Thompson, M.; Juneja, S.; Kopecka, A.; Kumar, R.; Jenkins, R.B.;
de Groen, P.C.; Roche, P.; et al. BubR1 insufficiency causes early onset of aging-associated phenotypes and
infertility in mice. Nat. Genet. 2004, 36, 744–749. [CrossRef] [PubMed]
239. Baker, D.J.; Jeganathan, K.B.; Malureanu, L.; Perez-Terzic, C.; Terzic, A.; van Deursen, J.M. Early
aging-associated phenotypes in BUB3/RAE1 haploinsufficient mice. J. Cell Biol. 2006, 172, 529–540.
[CrossRef] [PubMed]
240. Matsumoto, T.; Baker, D.J.; d’Uscio, L.V.; Mozammel, G.; Katusic, Z.S.; van Deursen, J.M. Aging-associated
vascular phenotype in mutant mice with low levels of BubR1. Stroke 2007, 38, 1050–1056. [CrossRef]
[PubMed]
241. Okadome, J.; Matsumoto, T.; Yoshiya, K.; Matsuda, D.; Tamada, K.; Onimaru, M.; Nakano, K.; Egashira, K.;
Yonemitsu, Y.; Maehara, Y. BubR1 insufficiency impairs angiogenesis in aging and in experimental critical
limb ischemic mice. J. Vasc. Surg. 2017. [CrossRef] [PubMed]
242. Guntani, A.; Matsumoto, T.; Kyuragi, R.; Iwasa, K.; Onohara, T.; Itoh, H.; Katusic, Z.S.; Maehara, Y. Reduced
proliferation of aged human vascular smooth muscle cells–role of oxygen-derived free radicals and BubR1
expression. J. Surg. Res. 2011, 170, 143–149. [CrossRef] [PubMed]
243. Hussaini, S.M.Q.; Jang, M.H. BubR1 and brain aging. Aging (Albany NY) 2017, 9, 1955–1956. [CrossRef]
[PubMed]
244. Anselmi, C.V.; Malovini, A.; Roncarati, R.; Novelli, V.; Villa, F.; Condorelli, G.; Bellazzi, R.; Puca, A.A.
Association of the FOXO3A locus with extreme longevity in a southern Italian centenarian study.
Rejuvenation Res. 2009, 12, 95–104. [CrossRef] [PubMed]
245. Nebel, A.; Kleindorp, R.; Caliebe, A.; Nothnagel, M.; Blanche, H.; Junge, O.; Wittig, M.; Ellinghaus, D.;
Flachsbart, F.; Wichmann, H.E.; et al. A genome-wide association study confirms APOE as the major gene
influencing survival in long-lived individuals. Mech. Ageing Dev. 2011, 132, 324–330. [CrossRef] [PubMed]
246. Geesaman, B.J.; Benson, E.; Brewster, S.J.; Kunkel, L.M.; Blanche, H.; Thomas, G.; Perls, T.T.; Daly, M.J.;
Puca, A.A. Haplotype-based identification of a microsomal transfer protein marker associated with the
human lifespan. Proc. Natl. Acad. Sci. USA 2003, 100, 14115–14120. [CrossRef] [PubMed]
247. Villa, F.; Carrizzo, A.; Spinelli, C.C.; Ferrario, A.; Malovini, A.; Maciag, A.; Damato, A.; Auricchio, A.;
Spinetti, G.; Sangalli, E.; et al. Genetic analysis reveals a longevity-associated protein modulating endothelial
function and angiogenesis. Circ. Res. 2015, 117, 333–345. [CrossRef] [PubMed]
248. Spinelli, C.C.; Carrizzo, A.; Ferrario, A.; Villa, F.; Damato, A.; Ambrosio, M.; Madonna, M.; Frati, G.; Fucile, S.;
Sciaccaluga, M.; et al. LAV-BPIFB4 isoform modulates eNOS signalling through Ca2+/PKC-α-dependent
mechanism. Cardiovasc. Res. 2017, 113, 795–804. [CrossRef] [PubMed]
249. Villa, F.; Malovini, A.; Carrizzo, A.; Spinelli, C.C.; Ferrario, A.; Maciag, A.; Madonna, M.; Bellazzi, R.;
Milanesi, L.; Vecchione, C.; et al. Serum BPIFB4 levels classify health status in long-living individuals.
Immun. Ageing 2015, 12, 27. [CrossRef] [PubMed]
Int. J. Mol. Sci. 2018, 19, 481 31 of 31
250. Zhu, H.; Belcher, M.; van der Harst, P. Healthy aging and disease: Role for telomere biology? Clin. Sci. (Lond.)
2011, 120, 427–440. [CrossRef] [PubMed]
251. Edo, M.D.; Andres, V. Aging, telomeres, and atherosclerosis. Cardiovasc. Res. 2005, 66, 213–221. [CrossRef]
[PubMed]
252. Fyhrquist, F.; Saijonmaa, O.; Strandberg, T. The roles of senescence and telomere shortening in cardiovascular
disease. Nat. Rev. Cardiol. 2013, 10, 274–283. [CrossRef] [PubMed]
253. Loscalzo, J. Stem cells and regeneration of the cardiovascular system: Facts, fictions, and uncertainties.
Blood Cells Mol. Dis. 2004, 32, 97–99. [CrossRef] [PubMed]
254. Ballard, V.L.; Edelberg, J.M. Stem cells and the regeneration of the aging cardiovascular system. Circ. Res.
2007, 100, 1116–1127. [CrossRef] [PubMed]
255. Csobonyeiova, M.; Polak, S.; Danisovic, L. Perspectives of induced pluripotent stem cells for cardiovascular
system regeneration. Exp. Biol. Med. (Maywood) 2015, 240, 549–556. [CrossRef] [PubMed]
256. Sun, Q.; Zhang, Z.; Sun, Z. The potential and challenges of using stem cells for cardiovascular repair and
regeneration. Genes Dis. 2014, 1, 113–119. [CrossRef] [PubMed]
257. Fusco, D.; Colloca, G.; Lo Monaco, M.R.; Cesari, M. Effects of antioxidant supplementation on the aging
process. Clin. Interv. Aging 2007, 2, 377–387. [PubMed]
258. Kirkland, J.L. The biology of senescence: Potential for prevention of disease. Clin. Geriatr. Med. 2002, 18,
383–405. [CrossRef]
259. Walston, J.; Hadley, E.C.; Ferrucci, L.; Guralnik, J.M.; Newman, A.B.; Studenski, S.A.; Ershler, W.B.; Harris, T.;
Fried, L.P. Research agenda for frailty in older adults: Toward a better understanding of physiology and
etiology: Summary from the American geriatrics society/national institute on aging research conference on
frailty in older adults. J. Am. Geriatr. Soc. 2006, 54, 991–1001. [CrossRef] [PubMed]
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
